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ABSTRACT
The polyphenolic pigments of black tea include the theaflavins (TF), the flavonol 
glycosides (FG) and a group of uncharacterised brown pigments referred to as 
thearubigins (TR). The TR are shown to be a complex, heterogeneous group of 
compounds, the majority of which are unresolvable by reverse phase HPLC. 
Fractionation procedures have been modified, developed, combined and applied to 
black tea liquor, to improve the separation of black tea components and to allow 
fractions of less complexity be obtained. A degree of resolution has been achieved for 
TR fractions, unresolvable with reverse phase HPLC, using size exclusion HPLC. 
Calibration of the column suggested there may be little material above 2,000 daltons 
associated with the TR.
Two heterogeneous TR fi'actions have been subjected to Porter's autoxidative assay for 
proanthocyanidins. The resulting solutions were analysed by reverse phase HPLC and 
shown to contain proanthocyanidins (9*4 and 16*1 %) and galloyl ester (7*1 and 
7*4 %), some 73 and 84 % remains uncharacterised. A novel group of yellow 
pigments has been isolated for which the name theacitrins (TC) has been proposed. 
Data are presented that suggest the TC are possibly derived from the TF by oxidative 
opening of the dihydroxybenzene ring associated with the benztropolone structure.
The contribution of the phenolic pigments to tea cream was investigated using reversed 
phase HPLC and found to be » 86 % TR, 12 % TF and 2 % FG. Evidence is also 
presented for a synergistic interaction between TF and TR during cream formation. 
A method has been developed, using caffeine precipitation, for the isolation of TR 
material that is free from TF and FG
Tea pigments have been stored in aqueous solutions to evaluate their potential for use 
as commercial colourants. The TF and TC were found to possess poor stability. The 
FG exhibited greater stability but possess low tinctoral power and poor water 
solubility. Many of the stability trials exhibited a darkening of colour associated with 
an increase in unresolvable TR material. Storage of an aqueous solution of a TF 
enriched fi*action at 37 ®C resulted in the production of unresolvable (TR-like) 
material. This material was found to possess molecular weights in excess of 2,000, 
indicating polymerisation. Evidence is presented to suggest the involvement of galloyl 
groups in the formation of non-hydrolysable bonds within this polymeric material.
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CHAPTER 1
INTRODUCTION
1.1 GENERAL INTRODUCTION
Phenolic compounds, which are often bio-active, occur widely in nature and are 
present at nutritionally significant levels in many food plants. A phenol can be defined 
chemically as a substance which possesses an aromatic ring bearing a hydroxy 
substituent, while polyphenol describes a structure possessing more than one hydroxy 
substituted aromatic ring.
The diversity of phenols in nature is enormous, and this is accentuated by the presence 
of functional derivatives (glycosides, esters, methyl ethers, etc.). They can be classified 
very broadly into three groups, namely simple phenols and phenolic acids, 
hydroxycinnamic acid derivatives and flavanoids. Simple phenols possess a single 
aromatic ring and include compounds such as p-cresol (e.g. raspberry, blackberry), 
sesamol (e.g. sesame oil) and vanillin which is responsible for the flavour of vanilla. 
Gallic acid (figure 1.1) is the most common phenolic acid and is present in many plant 
materials, notably tea.
Figure 1.1 Gallic acid
pH
OH
OH
OH
Hydroxycinnamic acid derivatives are almost exclusively derived from p-coumaric, 
caffeic and ferulic acid, generally as esters. Chlorogenic acid (caffeoyl-quinic acid) is a 
common example (e.g. coffee, apple).
The flavanoids are perhaps the most important, and certainly the most abundant, group 
of phenolics and include the flavan-3-ols (catechins), flavan-3,4-diols, anthocyanidins, 
flavonols (and their glycosides) and numerous dimers and polymers based upon the 
flavan nucleus (see figure 1.2).
Figure 1.2 Flavan nucleus
The biological significance of phenols in plants is not fully understood/but they appear 
to be involved in several biochemical mechanisms. Such functional properties include a 
possible role in the chemical defence strategy of plants, e.g. anti-fungal agents such as 
phytoalexin. Also, by virtue of their ability to bind proteins (tanning), they impart an 
astringent sensation to the palate, decreasing the acceptability of a potential food 
source to a predator or pest. Their presence in the diet also results in reduced 
digestibility and adverse effects on gut wall permeability (Kumar and Singh, 1984; 
Clausen et al, 1992). Additionally, the proliferation of aphids seems to be reduced 
upon plants that exhibit increased levels of phenols in the phloem. Despite this 
apparent role as a deterrent to harmful insects, and in complete contrast, the presence 
of coloured phenolic components in the petals of flowers are an important aid for 
attracting beneficial animals and insects, upon which many plants depend for cross­
pollination prior to fertilisation (Harboume, 1976). The aesthetic effect of phenolic 
pigments in fruits fiilfils a similar role by attracting animals to act as vectors for seed 
dispersal. Anthocyanidins are the flavanoids responsible for many of the scarlet, 
crimson, mauve, violet and blue colours observed in nature and have also been utilised 
in recent years as natural colourants for food and toiletry products.
The changing colours of leaves in the autumn from green, through yellow, oranges and 
reds, to brown also largely due to the synthesis of phenolic constituents and not 
solely due to the disappearance of the green chlorophyll. Simple colourless phenols 
(principally the flavan-3-ols) are enzymically oxidised, and subsequently polymerise 
into a range of pigmented polyphenolics, that contribute to the colour changes 
observed. This enzymic browning is also seen in damaged fruit such as apples, 
although the principoX substrate here is chlorogenic acid. Many of these phenolic 
pigments are water soluble and readily extractable into hot water. Use has long been 
made of this process for the production of hot beverages flavoured and coloured by the 
polyphenolic components.
Tea leaf contains exceptionally high levels of flavan-3-ols, and their "browned" leaves 
are a rich source of pigmented polyphenolics. The tea plant was originally classified as 
Thea sinensis, but a thorough revision of the genus Camellia placed most cultivated 
tea varieties under this genus. The current botanical classification of tea is Camellia 
sinensis (L.) O. Kuntze, of which most variants are assigned to one of the two varieties 
C sinensis var. sinensis, characterized by a small leaf and a bush type habit, or 
C. sinensis var. assamica, which has a large leaf and a tall tree-type habit (Baneijee, 
1991). Legend places the first recorded consumption of hot water infiisions of the 
"browned" leaves of C. sinensis at about three centuries BC in China. Nowadays the 
hot beverage, commonly known as black tea, is consumed world-wide in quantities 
second only to water.
1.2 THE POLYPHENOLS OF FRESH TEA LEAF
In terms of phenolic content, the principal constituents of fresh tea leaf are 
flavan-3-ols, flavonols (and their glycosides) and flavandiols, which in a good quality 
Assam type tea leaf represent approximately 17-30 %, 3-4 % and 2-3 % dry weight of 
the fresh shoots respectively (Millin, 1987). The composition varies somewhat as a 
fijnction of genetic strain, climate and growing condition  ^but the flavan-3-ols always 
predominate and are the principal precursors of the polyphenolic pigments of black tea. 
There are six flavan-3-ols (catechins) common to tea that differ in their stemochemistry 
and the presence of galloyl groups (Bradfield et al, 1947; Bradfield and Penney, 
1948); their structures and classification are shown in figure 1.3.
Trace amounts of less common flavan-3-ols have been reported from fresh tea leafj 
these are summarised in table 1.1.
The biosynthesis of flavan-3-ols involves the shikimate pathway, in which small 
molecules from sugar metabolism are converted into phenylalanine. In the 
phenylpropanoid pathway, phenylalanine is converted to coumaryl CoA which forms 
the B- and C-rings of the flavanoid unit, while the A-ring is derived from malonyl CoA, 
a product of acetyl CoA from the Krebs cycle. Flavanones are subsequently produced, 
which are then converted to fiavan-3-ols via flavan-3,4-diols (Stafford, 1989).
Figure 1.3 Havan-3-ols (catechins) of fresh tea leaf
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Figures represent % dry weight fresh shoots for typical Assam type 
leaf (Minin, 1987).
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(-)-Epicatechin R and R' = H 1-3%
(“)-Epigallocatechin R = OH, R' = H 3-6%
(-)-Epicatechin gallate R = H, R' = galloyl 3-6%
(”)-EpigaIlocatechin gallate R = OH, R' = galloyl 9-13%
Figures represent % dry weight fresh shoots for typical Assam 
type leaf (Millin, 1987).
Table 1,1 Trace flavan-3-ols identified from fresh, green and oolong tea leaf
Flavan-'S-ol Source Reference
(-)-Epicatechin-3-/?-hydroxybenzoate oolong tea Hashimoto etal., 1987
(-)-Epigallocatechin-3-j!?-coumarate green tea leaf Nonaka a/., 1983
oolong tea Hashimoto et ah, 1987
(-)“Epigallocatechin-3 -cinnamate oolong tea Hashimoto etal., 1987
(-)-Epigallocatechin-3 -caffeate fresh tea leaf Hashimoto e/a/., 1989a
(-)-Epigallocatechin-3,3 '-digallate green tea leaf Nonaka e/a/., 1983
(-)-Epigallocatechin-3,4'-digallate green tea leaf Nonaka e/a/., 1983
(-)-Epicatechin-3,5-digaIlate green tea leaf Coxonet ah, 1972
(-)-Epigaliocatechin-3,5“digallate green tea leaf Coxon et al., 1972
(-)-Epicatechin-3 (3 ''-0-methyl)- fresh tea leaf Saijo, 1982
gallate green tea leaf Nonaka e/a/., 1983
(-)-Epigallocatechin-
oolong tea Hashimoto et ah, 1987
3 (3 "-0-methyl)-gallate 
(-)-Epigallocatechin-
fresh tea leaf Saÿo, 1982
3 (4"-0-methyl)-gallate oolong tea Hashimoto et ah, 1987
(-)-Epiafzelchin fresh tea leaf Hashimoto et ah, 1989a
(“)-Epiafzelchin-3 -gallate fresh tea leaf Hashimoto e? a/,, 1989a
8-Ascorbyl*(~)-epigallocatechin-
oolong tea Hashimoto e/a/., 1987
3-gallate oolong tea Hashimoto e/a/., 19896
Various dimeric flavan-3-ols have been reported in fresh and green tea leaf. These 
include proanthocyanidins (condensed tannins) (Nonaka et al., 1983; Porter, 1988), 
which possess acid labile C-4->C-8 or C-4-^C-6 interflavanoid linkages. In hot acidic 
conditions such dimers undergo a degradative autoxidation in which the upper 
monomer is released as a carbocation which then converts to the corresponding 
anthocyanidin (chapter 3), Bisflavanols (theasinensins) (Nonaka et a/., 1983) are
flavanoid dimers linked C-2'—>C-2'. These will be discussed further under black tea 
because of their additional formation during its production. Single reports of 
substances found in fresh leaf that are known to be products of black tea manufacture 
should be considered as tentative until it is established that they are not the result of 
oxidative polymerisation during sample work up. A group of novel chalcan-flavan 
dimers, designated assamicains, has also recently been identified in fresh leaf; an 
example is shown in figure 1.4 (Hashimoto et aL, 1989a).
Figure 1.4 Chalcan-flavan dimer
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The three flavonols common to fresh tea leaf, quercetin, kaempferol and myricetiun, are 
present predominantly as 3-glycosides (figure 1.5). At least 14 flavonol glycosides 
have been identified in fresh tea shoots (Engelhard! et al., 1992), with sugar moieties 
including glucose, rhamnose, galactose and fructose, as both mono-, di- and tri­
glycosides (Finger et ai, 199la,6; Engelhardt et ai, 1992). Flavonol glycosides 
largely survive the processing stages of black tea manufacture and are quantitatively 
significant components of the final product.
The Flavan-3,4-diols (leucoanthocyanidins) are very readily oxidised and disappear 
completely during the processing to produce black tea.
Figure 1.5 Flavonol glycosides of fresh tea leaf
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Phenolic acids and depsides represent -  5 % dry weight of the fresh shoots (Millin, 
1987). Gallic acid is the most abundant phenolic acid in fresh tea leaves (figure 1.1), 
although only a small amount is present in its free acid form; the majority is esterified 
with flavan-3-ols (see above) or quinic acid. GalloyFquinic acid (theogallin) (figure 
1.6) is almost unique to tea and is the major depside in the fresh leaf (Roberts and 
Myers, 1958; Stagg and Swaine, 1971). Gallic acid can also polymerise with further 
gallic acid residues to form hydrolysable tannins, often as glycosides; small amounts of 
trigalloylglucose and galloylhexahydro$phenylglucose have been found in green tea 
(Nonaka et aL, 1983).
Figure 1.6 Theogallin (5-(7-galloyl-quinic acid)
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Small amounts of caffeoyl-quinic acids, p-coumaryFquinic acids and ellagic acid are 
also present in fresh tea leaf (Roberts, 1962; Lunder, 1989).
The manufacture of green tea leaf involves drying and rolling processes with the 
ultimate aim of reducing the moisture content of the leaf to « 6 %. The firing process 
is performed immediately after plucking, enzyme action is inhibited, and endogenous 
components of the leaves are retained in the product largely unchanged.
1.3 BLACK TEA
1,3.1 Production of Black Tea
To ensure a good quality product, only the fresh shoots of the tea plant are plucked for 
tea production, usually including only the bud and two leaves, commonly referred to as 
"two and a bud". Harvesting of the fresh tea leaf is therefore generally done by hand 
to avoid inclusion of more mature leaves which are known to be of poorer quality. 
The plants must be pruned regulaily, usually at intervals of 6-9 days, to encourage 
branching and maintain an abundant supply of fresh shoots.
There are five recognised stages in the production of black tea, withering, leaf 
disruption, fermentation, drying or firing and sorting.
Withering: The fresh shoots are thinly spread on nylon beds and subjected to a dry air 
flow to facilitate drying. The process usually takes around 12-16 hours, during which 
time the moisture content is reduced from 75-80 % by weight down to 55-70 %. The 
temperature is maintained at approximately ambient to avoid chemical changes which 
could affect the quality of the leaf. Certain chemical changes are expected, indeed 
3-4 % dry weight of the leaf is lost as carbon dioxide by respiration.
Leaf Disruption: The processing line in tea production is often described as LTP or 
CTC, this refers to the choice of cutting equipment employed for leaf disruption 
(Lawrie Tea Processor or CTC machine from the words Crush, Tear and Cut). The 
basic requirement is to reduce the particle size of the leaf to the grade required for the 
final product and to effect a degree of cell disruption allowing mixing of cell 
constituents which is important for the fermentation stage.
Fermentation: The disrupted leaf is spread out in contact with the surrounding air for 
a period of between 40 minutes and 3 hours, depending upon the type of product 
required. The constituents of the disrupted leaf now mix together freely and partake in 
biochemical and chemical reactions which ultimately lead to the production of the 
polyphenolic pigments, and many of the volatile components, that together are 
responsible for the character of the black tea beverage. In the fresh leaf, alcohols and 
aldehydes are largely responsible for the aroma. During tea manufacture some volatile 
alcohols decrease in concentration, but most of the aroma compounds found in black 
tea are formed during processing derived from carotenes, amino acids, unsaturated 
fatty acids and lipids (Robinson and Owuor, 1992). The temperature must be carefully 
controlled to prevent an excessive rise as heat is produced as a result of the chemical 
activity.
The chemical changes that occur in the leaf during the fermentation process are 
induced enzymically and not, as was initially thought, as a result of microbial activity. 
Various researchers have shown that bacteriocides and fungicides such as mercuric 
chloride have no effect on the process (Roberts, 1942); however, the term 
fermentation, though misleading, is now well established and unlikely to be changed. 
Early reviews covering the enzyme chemistry of tea fermentation (Roberts, 1942; 
1952) established that o-quinones are the principal products formed from catechol 
(3,4-dihydroxy) and pyrogallol (3,4,5-trihydroxy) groups, and it was suggested that the 
brown pigments arose from condensation of these o-quinones.
Drying or firing: The leaf is dried, usually in a stream of hot air (» 90 °C), for 
approximately 20 minutes, reducing the moisture content from around 60-72 % down 
to 2-5-3-5 %. This brings about the enzyme destruction or inactivation necessary for 
preservation of the final product. Important chemical changes also occur as a result of 
firing, including the conversion of chlorophyll to pheophytin, which contributes to the 
desired dark appearance of black tea. Also, the characteristic volatile profile of a black 
tea is developed further during firing; the flavour of black tea would not be complete 
without the subtleties of the aroma complex.
Sorting: The leaf is usually passed over a series of screens with a decreasing mesh 
size, thus producing a graded series of teas with different particle sizes that are free 
from pieces of stalk and fibre.
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In the past the final product was shipped out to the world markets in wooden tea 
chests, but the tea had a tendency to deteriorate in transit, accompanied by a certain 
amount of moisture pick-up. The traditional tea chest is still used on a large scale in 
India, Sri Lanka and Indonesia, but the use of laminated paper sacks is becoming 
more common. Use of the paper sack reduces cost, is more environmentally 
acceptable and incorporates an internal moisture barrier and an adequate sealing 
system to overcome the problem of moisture pick-up. The final commercial product is 
generally prepared by blending different teas, to produce the desired quality as assessed 
by highly skilled and experienced tasters. Over 90 % of the tea produced is sold at 
retail as tea bags. Cup sized bags are packed with 2-27 g tea leaf per bag. The use of 
proper tea bag paper is essential to the preparation of a good beverage, as it must 
impart no taste and allow for efficient fluid transfer, yet retain fine tea dust particles.
Instant tea is mostly prepared by spray drying of a concentrated liquor, although drum 
and freeze drying are also employed. The poor quality of early instant teas was 
primarily due to the loss of aroma volatiles during concentration of the liquor. Most 
manufacturers of instant tea now strip the aroma fi*om the freshly prepared tea liquor 
and produce an encapsulated concentrate that is added back to the liquor after the 
concentration process, prior to the final drying stage (Saltmarsh, 1992).
1.3.2 The Polyphenols of Black Tea
Only 5-10 % of the flavan-3-ols in fi*esh tea leaf survive the processing operation in the 
production of black tea, the rest are oxidised during fermentation leading to the 
production of the polyphenolic pigments characteristic of black tea, many of which 
have remained uncharacterised. The principal barrier preventing determination of the 
chemical nature of the pigmented polyphenolic oxidation products in black tea liquor 
has been their heterogeneity, and the inherent difficulties in separating and isolating 
individual components. Early researchers adopted the rather crude term of "tea 
tannins" for this amorphous group of compounds. During the 1940s and 50s the 
majority of tea research focused on methods of separating the "tea tannins" with the 
ultimate aim of isolating individual pigmented products.
Due to the water solubility of tea polyphenols, extraction from the leaf can be achieved 
quite simply by preparing a hot water infusion. However, for quantitatively consistent 
data several parameters require control, as it has been shown that factors such as pH,
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presence of electrolytes (Spiro et at, 1987), temperature of the water, particle size of 
the tea, and even the method of shaking the infusion can significantly influence the 
ratio of the components in the aqueous extract (Robertson and Hall, 1989).
Bradfield and Penney (1944) partitioned the aqueous extract with ethyl acetate and 
found that a continuous extraction removed approximately 50 % of the total 
polyphenols of black tea liquor. Roberts et a l (1957) made a considerable advance 
using paper chromatography to separate the components of both the ethyl acetate 
solubles and insolubles of black tea liquor. From the ethyl acetate solubles they 
observed an orange brown streak (labelled SI), two intense orange spots (labelled X 
and Y) and five other minor uncharacterised substances (labelled A, B (colourless), P, 
Q and Z). The chromatogram of the remaining aqueous phase also showed an orange 
brown streak that was indistinguishable from SI and was therefore labelled Sla. Also a 
heavy brown streak with a zero RF value was observed and labelled as SII together 
with some flavonol glycosides, untransformed from fresh tea, and uncharacterised 
colourless products C and D.
Enzyme model system studies revealed that Roberts' compounds A, B, C, P, Q, X, Y 
and Z could all be formed as a result of oxidation of EGC, EGCG or a mixture of the 
two (Roberts and Myers, 1959a). The colourless compounds A, B and C are now 
thought to be digalloyl, monogalloyl and non-galloyl derivatives of bisflavanols 
(theasinensins) (figure 1.7), formed from the condensation of o-quinones derived from 
EGCG + EGCG, EGC + EGCG and EGC + EGC respectively, linked by C ^C  bonds 
at the B-rings (Roberts, 1962; Ferretti et a l, 1968; Nonaka et al, 1983). A further 
theasinensin, derived from ECG + EGCG, has recently been isolated and characterised 
from oolong tea (Hashimoto et al, 1988), indicating that simple catechins as well as 
gallocatechins are involved in their formation. The presence of other theasinensins in 
black tea liquor could therefore be anticipated arising from interactions involving 
C, EC and GC but such dimers have not yet been reported. The theasinensins 
represent only minor components of black tea and their impact on tea properties is 
probably negligible (Graham, 1992).
The orange compound X was named theaflavin, and it was subsequently discovered 
that compound Y yielded theaflavin and gallic acid on treatment with gallate esterase 
isolated from Aspergillus niger. Compound Y was therefore named theaflavin gallate 
(Roberts and Myers, 19596) although it was eventually determined that compound Y 
was actually a mixture of two theaflavin monogallates and a theaflavin digallate.
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The brown pigments, eluting as streaks on paper chromatograms, and labelled SI, Sla 
and Sn were named thearubigins.
Figure 1.7 Bisflavanols
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Theasinensin A: R = R' = gaUoyl (precursors: EGCG + EGCG)
Theasinensin B: R = H, R' = galloyl (precursors: EGC + EGCG)
Theasinensin C: R = R' = H (precursors: EGC + EGC)
I.3.2.1 The tea oxidase system
Several plant enzymes have been implicated in tea fermentation including cytochrome 
oxidase, peroxidase and polyphenol (or catechol) oxidase (Roberts, 1942). It soon 
became clear that polyphenol oxidase (PRO) was the key enzyme responsible for the 
oxidation of the flavan-3-ol B-rings to their respective o-quinones (Roberts and Wood, 
1950) and that the ^
reflecting their redox potential (Roberts and Wood, 1951). Evidence has also emerged 
that some degallation and épimérisation of the tea flavan-3-ol gallates is mediated by 
PPO during oxidation (Coggon et aL, 1973), which helps to explain the observed 
increase m gallic acid during fermentation, PPO was isolated and purified by Gregory 
and Bendall (1966) and was found to be a copper-containing protein (0*32 % w/w) 
with a molecular weight of 144,000 ± 16,000.
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The involvement of peroxidase in fermentation still can-not be ruled out. Dix et al. 
(1981) concluded that fIavan-3-ols are poorer substrates for peroxidase than they are 
for PPO. However, as the levels of peroxidase are much higher w  ,
and the drop in pH, together with the production of hydrogen peroxide during 
fermentation would favour peroxidase, they suggested peroxidase may be involved at a 
later stage of fermentation. In line with this theory is the observation that PPO activity 
declines more rapidly than peroxidase during fermentation (Cloughley, 1980; Mahanta 
et ah, 1993). Recent work with model systems suggests that peroxidase may also be 
able to catalyse the oxidation of flavonols, particularly myricetin (Finger, 1993; 1994).
In contrast to the findings of Dix et ah (1981), Robertson and Bendall (1982) used a 
model system to investigate the production of black tea pigments and concluded that 
peroxidase is possibly inhibited by the high flavan-3-oî concentrations present in fresh 
tea leaf. However, Millin (1987) suggested that peroxidase may retain some activity 
within leaf particles as a result of attachment to leaf structures or organelles that were 
absent from the model systems.
1.3.2.2 Chromatographic separation of black tea pigments
Roberts pioneering work with paper chromatography provided the first separation of 
the pigments in "tea tannin" into the now well recognised three groups, the orange/red 
theaflavins (TF) (sub-fractionated into theaflavin and theaflavin gallate), the brown 
thearubigins (TR) (sub-fractionated into SI, Sla and SII) and the weakly yellow 
flavonol glycosides (FG). The TF and the FG produced some spots of virtually 
homogeneous material that eventually led to fhiitful characterisation studies. 
However, the streaks produced by the three TR sub-fractions were thought to be 
heterogeneous. The TR fractionation, by Roberts (1957), using liquid-liquid partition 
chromatography, into SI (those extractable into ethyl acetate), SII (those remaining in 
the aqueous phase) and Sla (those remaining in the aqueous phase but extractable into 
diethyl ether), is a separation that has been fimdamental to tea research ever since.
The resolution and scope of chromatographic techniques for separating complex 
organic mixtures has improved considerably over the last twenty years. Many of the 
new techniques have been applied to the TR of black tea, and although none has 
produced a major breakthrough in separating the TR into homogenous fractions, small 
steps forward towards the ultimate characterisation of the TR have been made.
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Phenolic groups are known to possess a high affinity for many of the silica-based 
stationary phases used in chromatography. Wedzicha and Donovan (1989) attempted 
to overcome this problem by chemically derivatising SI TR for normal phase HPLC. 
Partial resolution of derivatised TR material was achieved, but the method gained little 
support due to the problems associated in subsequent structural analysis of derivatised 
compounds. The same researchers also attempted TR separation by counter current 
chromatography (Wedzicha and Donovan, 1990) with limited success.
Sephadex LH-20 has become a common stationary phase for the 
chromatographic separation of tea components. Separation on Sephadex LH-20 is 
principally a form of exclusion, or permeation, chromatography where molecules are 
separated on the basis of their molecular size and shape. However, Cattell and Nursten 
(1977) experimented with a range of mobile phases and found that adsorption of tea 
components to the stationary phase also came into play if aqueous acetone were used 
as the mobile phase. The balance between adsorption and molecular sieving seems to 
be critical; good separations of tea components were achieved using 60 % acetone as 
the mobile phase.
Adsorption chromatography with cellulose as the stationary phase was attempted by 
Vuataz and Brandenberger (1961) and a partial fractionation was achieved with some 
fractions being comparable to Roberts' (1957) fractions obtained by paper 
chromatography. More recently Bailey et al. (1992) found that all of the characterised 
components of a decaffeinated black tea extract, applied to the top of a Solka-Boc 
cellulose column, could be eluted with subsequent washings of methanol and acetone 
except for a brown TR fraction that was adsorbed to the column and could be eluted 
with 50 % aqueous acetone. This material was designated the theafulvin (TFu) 
fraction, and found to be free from FG and nitrogen and composed of polyphenolic TR 
that were unresolvable by reverse phase HPLC.
The resolving power of partition chromatography columns increases with column 
length and the number of theoretical plates per unit length. There are limits to the 
length of a column, as longer columns lead to peak broadening; however, as the number 
of theoretical plates is related to the surface area of the stationary phase, this can be 
increased by reducing the particle size of the stationary phase. The smaller the particle 
size, the greater the resistance to eluate flow, and^  as early forms of chromatography 
relied on gravity, or low pressure pumping systems, reduced flow rates resulted when 
stationary phases of a smaller particle size were employed. The greater run times
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required allowed simple diffusion phenomena to cause band broadening, thereby 
negating the improved resolution due to the smaller particle size of the packing 
material. The development of pumping systems capable of maintaining constant flow 
rates, and smaller particle size stationary phases that can withstand higher pressures, 
eventually led to the development of High Pressure Liquid Chromatography or High 
Performance Liquid Chromatography (HPLC).
Reverse phase HPLC has emerged in recent years as the most useful method of 
separation for black tea polyphenolics and also tends to be the principal analytical 
method used for fractions obtained from preparative column chromatography and in 
vitro model system work. This is largely due to the considerable advances that have 
been made in HPLC stationary phases, but also to the development of automated 
sample injection systems, improved detection systems and computerised data 
collection/manipulation. Reverse phase HPLC methods of analysis for polyphenols 
have generally employed columns packed with silica that has been modified by the 
addition of organic functional groups, such as alkyl chains, to reduce its polarity. Polar 
solvents, such as water/acetonitrile or water/methanol mixtures are used for the mobile 
phase incorporating a gradient of increasing polarity. The separation of the 
constituents of the analyte and their order of elution is therefore effected by the relative 
hydrophobicity of each component.
Probably the first reported use of HPLC for the analysis of tea constituents was by 
Hoefler and Coggon (1976), who used a 30 cm column packed with 10 pm Bondapak 
with Ci8 alkyl side groups, and obtained reasonable resolution of the four common TF. 
Robertson and Bendall (1983) obtained slightly improved separation of TF using a 
20 cm column packed with 5 pm Hypersil ODS (C^g). These workers had included 
< 1 ml litre“i acetic acid to improve resolution by suppressing ionisation of the 
phenolic groups. Bailey et al. (1991), also using a column packed with 5 pm Hypersil 
ODS (Cjg), claimed even better resolution and peak shape could be obtained with the 
addition of 20 g litre~^  citric acid to the mobile phase. Citric acid is a well known 
chelating agent and it was assumed the observed improvement in resolution was due to 
a masking of surface metals on the stationary phase, thereby preventing polyphenol- 
metal interactions. Opie et al. (1990) demonstrated improved chromatographic 
resolution using a 10 cm column packed with Hypersil ODS (C%g) of a smaller particle 
size (3 pm).
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Detection systems have also improved considerably over recent years. Early
spectrophotometric detectors were only capable of monitoring fixed, single 
wavelengths, usually 254 or 280 nm. Single, selected wavelength detectors were soon 
available capable of monitoring individual specified wavelengths between 200 and 
350 nm. The development of detectors capable of encompassing the entire visible 
region (370-700 nm) provided a major advantage for the analysis of pigmented 
compounds which could now be detected without interference from non-pigmented 
constituents.
Multi-wavelength spectrophotometric detectors, capable of continuously monitoring 
the entire ultra violet (UV) and visible (Vis) regions were eventually developed, and 
this has considerably increased the advantages of HPLC in the study of black tea liquor 
(Bailey et al., 1990). Photodiode-array detectors are capable of monitoring between 
200-600 nm, but tend to lose sensitivity at the higher wavelengths. Rapid scanning 
detectors are capable of monitoring up to 700 nm without any loss of sensitivity, but 
are not yet capable of monitoring the UV (deuterium lamp) and Vis (tungsten lamp) 
regions simultaneously, requiring two injections to obtain full spectral data. The most 
modem instmments will however monitor up to 450 nm using only the deuterium 
lamp. Considerable computing power and dedicated software are necessary to collect 
full spectral data and to allow processing and manipulation of the data. The spectral 
characteristics of a peak provide a preliminary indication as to the identity of the peak. 
Using a photodiode-array detector, Bailey et a l (1990) identified a small group of 
peaks with spectral properties different from the well characterised TF and FG which 
were tentatively assigned as TR. The purity of a peak can also be assessed by 
comparing spectra from the up-slope and down-slope with the spectrum from the apex.
Opie etal. (1990) separated 44 peaks, absorbing at 450 nm, from a decaffeinated black 
tea liquor on their HPLC system. Using the photodiode-array detector, the four 
common TF were identified, and the remainder (excluding the FG which do not absorb 
at 450 nm) were assigned as resolved TR, defining TR as unidentified pigmented tea 
components. Their chromatogram also exhibited a rising baseline indicating 
unresolvable pigmented material.
Bailey et al. (1991) separated 33 peaks, absorbing at 460 nm, from a black tea liquor 
and classified them, according to their chromatographic behaviour, into three groups. 
Group I, resolved pigments running close to the void volume of the column; group II, 
other resolved pigments; and group III, unresolved pigments. The group II pigments
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were sub-divided according to their spectral properties and included theaflavic acids 
(TF-acids), resolvable TR, and eight of the nine potential TF (section 1.3.2.3). The 
group in unresolved pigments were thought to be polymeric TR.
The irreversible binding of polyphenolics to the stationary phase of the column was 
minimized in Opie's work (1990) by the removal of caffeine from the liquor. Caffeine 
is well known to form complexes with polyphenols (Martin et ah, 1986; Gaffney et al, 
1986) and it has been suggested that such complexes may be the basis of the non- 
dialysable TR fraction (Roberts' SII), which binds strongly with the exposed siloxyl 
groups of reversed phase HPLC columns (Robertson, 1992), resulting in loss of 
material and a decline in column performance. The solubility of tea polyphenol- 
caffeine complexes is also a factor which must be considered, as many of these 
complexes exhibit poor solubility at room temperature (Roberts, 1963; Smith, 1968; 
Collier et ah, 1972; Powell et ah, 1993). Complexes may precipitate out of solution 
prior to injection, or may precipitate on the column, again resulting in loss of material 
and reduced column life. However, some caffeine complexes, eg.chlorogenic acid, do 
appear to be broken during reverse phase HPLC (Clifford, personal communication). 
In the absence of caffeine, very little build up of pigmented material was observed at 
the proximal end of the column; furthermore, recovery of TF and TR was estimated at 
95% (Opieera/., 1991).
All tea research to date, using reverse phase HPLC, has encountered the same problem 
with a large proportion of the pigmented material remaining unresolved and the 
baseline forming a hump, upon which the resolvable peaks are seen to elute (Bailey et 
ah, 1991; Opie et a l, 1993; Powell et al, 1993). A calibration curve prepared from 
unresolvable TR (caffeine precipitatable TR) (Chapter 5; Powell et al., 1993) estimated 
that the hump represents « 75 % of the total mass of the water-soluble pigmented 
phenolics in an Assam black tea liquor and the importance of this material should not 
be overlooked. However, the analysis of this heterogeneous TR hump has proven a 
demanding challenge.
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1.3.2.3 Theaflavins
The isolation of crystalline theaflavin (Roberts and Myers, 1959c) established its status 
as a definite chemical entity. Roberts and Myers were unable to isolate crystalline 
theaflavin gallate, due to their preparation, isolated from a cellulose column, probably 
containing a mixture of two theaflavin monogallates and a theaflavin digallate. It is 
now known that there are four quantitatively major TF present in black tea, theaflavin 
(tf), theaflavin-3-gallate (tf3g), theaflavin-S'-gallate (tfS'g) and theaflavin-3,3'-digallate 
(tfdg) (Collier c? a/., 1973).
In vitro oxidation of tea flavan-3-ols with tea oxidase enzymes or by chemical 
oxidation with potassium ferricyanide (Roberts and Myers, 1960; Takino et a i, 1964; 
Hilton, 1972; Sanderson et ai, 1972; Robertson and Bendall, 1982) demonstrated that 
TF are formed from various pairs of flavan-3-ols. Takino et al. (1964) proposed a 
structure for tf (figure 1.8) which was subsequently, unequivocally, confirmed using 
NMR studies (Bryce et al, 1970; Coxon et ai, 1970a; Collier et al, 1973).
Figure 1.8 The structure of the theaflavins
p H
HO
HO,
OH
OR'
OH
Theaflavin R = H, R' = H
Theaflavin-3-gallate R = H, R' = Galloyl
Theaflavin-3'-gallate R = Galloyl R' = H
Theaflavin-3,3'-digaIlate R = Galloyl R' = Galloyl
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TF are formed from the condensation of an o-quinone derived from 3',4'-dihydroxy 
flavan-3-oI (catechol) with an o-quinone derived from a 3',4',5'-trihydroxy flavan-3-ol 
(pyrogallol) to form the bis-flavan-substituted 8",9"-dihydroxy-l",2"-benztropolone 
structure shown in figure 1.8. Nine potential TF could therefore be derived from the 
combinations of fiavan-3-ols normally considered to be available in fresh tea leaf (table 
1.2). TF are orange/red in colour, due to the electron delocalisation around the 
benztropolone group, with absorption maxima in the visible region at 380 and 455 nm.
Table 1.2 Synthesis of theaflavins from pairs of flavan-3-ols
Parent flavanols Product
Dihydroxy Trihydroxy
(-)-EC (-)-EGC Theaflavin
(-)-EC (+)-GC Isotheaflavin
(4-)-C (+)-GC Neotheaflavin
(-)-EC (-)-EGCG Theaflavin-3 -gallate
(-)-ECG (-)-EGC Theaflavin-3 '-gallate
(-)-ECG (-)-EGCG Theaflavin-3,3 '-digallate
(+)-c (-)-EGC Not identified in tea liquor
(+)-C (-)-EGCG Not identified in tea liquor
(-)-ECG (+)-GC Not identified in tea liquor
Small amounts of theaflavic acids (TF-acids) (figure 1.9) are also found in black tea 
(about 4 % of the total benztropolone derivatives, Coxon et a l, 1970), corresponding 
to Roberts' (1957) substance Q. TF-acids are formed by the condensation of the 
o-quinone derived from gallic acid with the o-quinones derived from the simple 
catechins C, EC, and ECG, producing theaflavic acid, epitheaflavic acid, and 
epitheaflavic acid-3'-gallate  ^respectively (Coxon et al, 1970Z>; Berkowitz et al., 1971; 
Collier et al, 1973). As previously discussed  ^the o-quinones from the fiavan-3-ols 
result directly from the action of PPO. However, gallic acid is not a substrate for PPO 
(Gregory and Bendall, 1966) and requires a coupled oxidation with a flavan-3-ol
2 0
quinone to form the corresponding o-quinone of gallic acid. The simple catechins 
(dihydroxy) are quantitatively minor compared with the gallocatechins^but are involved 
as electron carriers for coupled oxidation reactions due to their higher redox potential. 
Hence gallocatechins tend to be consumed, while the simple catechins tend to recycle 
becoming more involved in the oxidation of gallic acid and the production of TF-acids 
in the latter stages of fermentation. The concentrations of TF-acids in a black tea 
therefore depends upon the extent to which fermentation has been carried out.
Figure 1.9 The structure of theaflavic acids
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The TF-acids contain the same chromophore as the TF, i.e. the benztropolone 
structure, and are also orange/red in colour with a visible absorption maximum at 
around 400 nm tailing off to around 500 nm^but without the secondary maximum 
exhibited by the TF.
More recently the isolation and characterisation of a new group of red pigments, 
related to theaflavin, was reported (Nonaka et uA, 1986). These were shown to be 
condensation products arising from the quinones derived from a pair of 
3',4',5'-trihydroxy (pyrogallol) systems leading to a 7",8",9'-trihydroxy substitution 
system as opposed to the 8",9''-dihydroxy system of the theaflavins (figure 1.10). 
Nonaka and colleagues designated these compounds as theaflagallins and isolated, 
from black tea liquor, theaflagallin, epitheaflagallin and epitheaflagallin-3-gallate.
The theaflavin material, including the theaflavic acids, (TF) represent some 3-6 % of 
the total soluble solids of black tea (Millin, 1987).
Figure 1.10 Structure of the theaflagallins
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1.3.2.4 Thearubigins
Roberts (1950) classified the red/brown streaks he observed on his paper 
chromatograms as thearubigins (TR), and over 40 years later remarkably little progress 
has been made towards defining their chemical nature. TR has now become a rather 
broad term that encompasses all the pigmented polyphenolic material in black tea that 
has not been characterised, and accounts for 9-15 % (Millin, 1987) of the total soluble 
solids of black tea and up to 90 % of the pigmented soluble solids (Powell et aA,
1993). This complex mixture was thought to be predominantly composed of acidic 
substances ranging in molecular weight from around 700-40,000 (Millin and Rustidge, 
1967). Separation techniques have been largely ineffective and attempts to 
characterise and classify the compounds contributing to this heterogeneous fraction 
have generally been carried out on impure preparations resulting in data interpretation 
problems.
TR-like material can be formed in model systems from the PPO-induced oxidation of 
flavan-3-ols (Roberts, 1958a). There is also strong evidence to suggest that TR can be 
formed from TF by the action of PPO, but only in the presence of flavan-3-ol quinones 
which act as electron carriers (Roberts and Myers, 1960; Robertson 1983a,6; Opie et 
al, 1990). EC appears to be particularly effective in coupled oxidation reactions by 
virtue of a higher redox potential than the gallocatechins (Bajaj et ah, 1987; Opie et 
aA, 1993). Berkowitz et ah (1971) clearly demonstrated that TR-like material is 
formed from epitheaflavic acid, but only in the presence of PPO and a flavan-3-ol, again 
indicating coupled oxidation. TR-like material has also been produced in enzymic 
model systems containing flavan-3-ols, where TF can-not be intermediates as the 
correct flavan-3-ol pairs required for TF production have not been present (Sanderson 
et ah, 1972; Opie et al, 1990). Even individual flavan-3-ols appear to produce 
TR-like material when chemically oxidised (Bailey et ah, 1993). It is therefore clear 
that there are a number of possible precursors to TR material in black tea, and there 
can be little doubt concerning its heterogeneity.
The formation of all of the characterised oxidation products present in black tea can be 
explained by the action of PPO. However, the specificity of PPO restricts oxidation to 
the B-rings of flavan-3-ols. Evidence has been presented that suggests peroxidase may 
be involved in the formation of TR (Dix et ah, 1981), as peroxidase is able to attack 
both the A and the B-rings of fiavan-3-ols and may play a role in initiating 
polymerisation of flavan-3-ols, and possibly TF, by "head to tail" condensation leading
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to the production of polymeric TR (Graham, 1984; Finger, 1993). Additionally, 
peroxidase exhibits greater thermal stability than PPO and residual activity has been 
implicated in the deterioration of tea leaf on storage (Cloughley, 1980), which appears 
to be associated with the loss of TF and increasing levels of TR (Millin et al., 19696).
Brown et al. (1969) isolated five TR fractions using various solvent partitions and 
found each fi-action to yield anthocyanidins (cyanidin and delphinidin) on heating with 
hydrogen chloride in anhydrous isopropyl alcohol. The anthocyanidin yield was 
determined spectrophotometrically and found to be of the order of 20 % of the weight 
of each TR fraction, leading to the conclusion that TR are polymeric 
proanthocyanidins with acid-labile interflavanoid bonds. This proposal proved to be 
rather contentious as subsequent work with TR fractions isolated by Sephadex LH-20 
chromatography of the ethyl acetate-soluble black tea polyphenols were found to yield 
only 2 % anthocyanidin (Cattell and Nursten, 1975). Acid-labile (C-4->C-6 or 
C-4->C-8) interflavanoid bonds are clearly present as both sets of researchers 
observed the release of anthocyanidins derived from autoxidative depolymerisation. 
Cattell and Nursten (1975) demonstrated molecular weights in the region of 1500 
daltons for their TR fractions  ^which suggest the molecules, if composed entirely of 
flavan-3-ols, are approximately pentameric. For a pentameric proanthocyanidin 
polymer, the theoretical release of anthocyanidin, allowing for the terminal residue 
which is not converted to the corresponding anthocyanidin, would be 80 %. The 
observed anthocyanidin yields are therefore considerably lower than would be expected 
for a proanthocyanidin flavan-3-ol pentamer. This suggests that acid-labile 
interflavanoid bonds occur less frequently in TR than in conventional proanthocyanidin 
polymers, or that conventional proanthocyanidins were present as contaminants in the 
TR isolates.
Spectral evidence was also presented for the presence of benztropolone moieties 
(Cattell and Nursten, 1975), which would provide extended conjugation and would 
help to explain the colour of the TR. The presence of benztropolone moieties is 
certainly consistent with the observed production of TR-like material from TF 
(Roberts and Myers, 1960; Opie et al., 1993) and epitheaflavic acid (Berkowitz et 
a/.,1971).
Both Brown et al. (1969) and Cattell and Nursten (1975) were consistent in finding 
only 2-4 % gallic acid released by acid hydrolysis of their respective TR fractions, 
which was lower than expected considering 65 % of the flavan-3-ol precursors possess
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galloyl groups. The occurrence of degallation induced by PPO during fermentation 
(Coggon et al., 1973) was used to explain this observation, as free gallic acid is 
observed to increase during the production of black tea, additionally some of that 
released might be lost in the production of TF-acids, theaflagallins or other 
uncharacterised products.
Vuataz and Brandenberger (1961) identified 14 amino acids after hydrolysis, induced 
with HCl, of a TR fraction obtained using adsorption chromatography on cellulose. 
Millin et al (1969a) found significant levels of nitrogen in TR fractions isolated by 
permeation chromatography on Sephadex LH-20 and suggested the presence of 
polyphenol-protein complexes. Such complexes involving protein and/or caffeine 
could account for the non-dialysable TR component.
In Roberts' early work, it was postulated that TR could be derived from TF by 
oxidative opening of the pyrogallol rings in the benztropolone moieties to produce 
carboxyl groups (Roberts, 19586; 1962). This would not only account for the acidity 
of the TRybut also explain why TR fractions had lost the spectral bands characteristic 
of TF and purpurogallin (Roberts and Williams, 1958).
1.3.2.5 Theafulvins
The theafulvin (TFu) fraction isolated by Bailey et al (1992) was shown to be free 
from caffeine, protein and flavonol glycosides, and chromatographed, on reverse phase 
HPLC, largely as a hump with just a few small peaks on top. This unresolvable TR 
was subjected to fast atom bombardment (FAB) mass spectrometry (MS), infra-red 
(IR) spectrophotometry and nuclear magnetic resonance (NMR) spectrometry (Bailey 
et al, 1992). The results were inconclusive, probably due to the sample being of a 
heterogeneous nature, but suggested that the material was a partially galloylated 
flavan-3-ol polymer, with interflavanoid linkages different from that of 
proanthocyanidins (i.e. did not possess acid-labile interflavanoid C-4~>C-6 and/or 
C-4^C-8 linkages). Proanthocyanidin polymers are generally colourless compounds 
as the intermonomer linkages involved offer no extended conjugation. The TR 
complex contains coloured material so it is probable that different types of 
intermonomer linkages are present, some of which must provide a chromophore by 
means of extended conjugation. The FAB MS of the TFu fraction produced abundant
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ions at m/z 331 and 329, for which postulated structures were offered (figure 1.11) 
(Bailey et aL, 1994a).
Figure 1.11 Postulated structures for the molecular fi-agments at m/z 331 and 329, 
from the FAB MS of the TFu (Bailey et al., 1994a)
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1.4 OOLONG TEA
Semi-fermented, or oolong tea, is produced by curtailing oxidation periods. The fresh 
leaves are spread thinly and exposed to sunlight for 30-60 min. Withering is then 
continued indoors at room temperature for 6-8 hours with gentle agitation by hand 
once an hour. During this process endogenous enzyme activity is responsible for 
oxidising many of the chemical components of the leaf, though to a far lesser extent 
than is achieved during the fermentation process of black tea manufacture. The 
withered leaf is then rolled and dried as described for the manufacture of green tea, to 
terminate enzyme activity and produce a stable product. The withering process results 
in the formation of various aroma volatiles and pigmented oxidation products, which 
distinguishes the product from green tea.
The study of the components of oolong tea provides an insight into the course of tea 
fermentation. Some of the oolong tea constituents may be intermediates to black tea 
constituents. Oolongtheanin (figure 1.12), probably derived from theasinensins by 
oxidation of one of the B-rings, has been isolated and characterised from oolong tea 
(Hashimoto et al., 1988). Two dimeric catechins with methylene bridges at the 8,8'- 
and 8,6'- positions (A-ring), respectively, designated as oolonghomobisflavans 
(Hashimoto et al., 1989b), have also been isolated from oolong tea. The failure to 
isolate these compounds from black tea may be due to their transitory existence during
Acethe leaf oxidation process, or possibly due t^he masking effect of the abundant TR. 
Figure 1,12 Oolongtheanin
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1.5 SENSORY AND NUTRITIONAL ASPECTS OF BLACK TEA PIGMENTS
The TF and TR are the principal contributors to the colour of a black tea liquor. The 
FG represent the third major group of pigmented polyphenolic pigments in black tea 
liquor, which are carried through fermentation essentially untransformed, but as their 
absorption tails offrapidly above 380 nm, their contribution to the observed colour of 
the liquor is minor. Roberts and Smith (1963) devised a spectrophotometric assay for 
the quantification of TF and TR fi*actions prepared by extracting TF and SI TR with 
ethyl acetate, followed by removal of the SI TR by washing with sodium hydrogen 
carbonate to isolate the TF. The TF and TR content was calculated from
measurements of optical density at 380 nm, while total colour and percentage 
brightness were calculated from measurements of the optical density at 460 nm.
It was realised that teas with a high ratio of TF to TR, such as the Assam teas, were a 
bright golden colour. Generally, low TF (< 0*5 %) content is associated with a grey or 
dull liquor. The TR seems to have less of an influence on the appeal of the tea colour, 
although if TR levels are low (< 8*5 %) the tea is often described as being "thin". Teas 
with a high TR to TF ratio are usually described as "dull" or "soft".
The TF/TR ratio is still employed as an evaluation of black tea quality, and rapid, 
inexpensive methods are required for this assessment to be carried out routinely. The 
method for the separation of the TF from the TR has been improved by adding 
di-sodium hydrogen phosphate to the tea liquor to "fix" the TR in solution so that only 
the TF are extracted with ethyl acetate (Ullah, 1986). Also, Cjg sorbent cartridges 
have been used as a rapid, inexpensive method of separating the TF from the TR 
(Whitehead and Temple, 1992). An alternative method of TF assessment is the 
flavognost method (Hilton, 1972) which employs di-phenyl boric acid ethanolamine to 
react with the benztropolone nucleus of the TF and form a green chromophore which 
absorbs at 600 nm. This method overcomes the problem of overestimating TF and TR 
content, when using measurements at 380 nm, that result fi-om the contribution of the 
FG to the absorption at this wavelength (McDowell et ah, 1990). However a 
comparison between the flavognost method and an HPLC method of analysis, for the 
determination of TF, suggested that the flavognost method may also be overestimating 
TF levels (Steinhaus and Engelhardt, 1989). This could be a result of poor recovery 
from the HPLC column, as has been discussed earlier, but it must be also be 
considered that there is evidence for the presence of benztropolone moieties in the TR
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complex which would contribute to the levels of TF determined using flavognost 
reagent.
Skilled taster’s evaluation, in association with such chemical assays, suggests that the 
TF are associated with colour, brightness, strength, briskness and quality, while the TR 
mostly contributes to the body of the liquor. The correct balance of TF and TR is 
therefore essential for the desired liquor quality.
In terms of flavour, the major contribution of both TF and TR is the sensation of 
astringency, derived from the Latin ad (to) and stringere (bind). Pure, crystalline tf is 
said to possess a very fierce astringency, while the TR appear to be less astringent 
(Millin et al, 1969c). Astringency is generally recognised as a feeling of extreme 
dryness or puckeriness and is considered to be a sensation of touch rather than taste. 
As the word implies, astringency results from the aflhnity of the polyphenols to bind 
with proteins both in the epithelium of the mouth and particularly mucopolysaccharides 
in the saliva (Bate-Smith,1973; Haslam and Lilley, 1988). The resultant loss in 
lubrication is thought to be responsible for the sensation, ofi:en referred to as 
"mouthfeel" or "body".
In tea liquoi) the astringency of the TF is greatly reduced (Millin et al., 1969c), 
presumably due to the masking of hydroxy groups by complexation with caffeine. The 
addition of milk to tea also reduces the astringency of the beverage due to the 
formation of milk protein-polyphenol complexes. Casein molecules have a high affinity 
for polyphenols; the resulting complex remains in solution in the casein micellar 
structures, but the polyphenols are "protected" fi-om interactions with 
mucopolysacharide proteins, resulting in a reduced astringent sensation (Luck et al,
1994).
There have been various reports in the literature regarding the health implications of 
tea polyphenols in the diet. Results fi*om in vitro studies suggest that phenolic 
compounds reduce digestion and absorption of nutrients in some animals due to the 
formation of complexes with digestive enzymes and membrane proteins in the digestive 
tract, which result in functional inhibition (Griffiths and Moseley, 1980; Welsh et al, 
1989a, 6). However  ^herbivores, but not carnivores, produce unique proline-rich 
salivary proteins in amounts that appear to reflect the approximate level of polyphenols 
in the diet (Butler, 1987; 1989). These proteins have a very high affinity for tannin and 
appear to bind polyphenols preferentially, before they reach the digestive system. The
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resulting tannin-protein complex may pass intact through the digestive tract, preventing 
the tannin from complexing with important digestive enzymes and minimizing this 
potential anti-nutritional effect.
Tea polyphenolics are also capable of binding metal ions. Trivalent cations often form 
coloured complexes with phenolic substances; aluminium is said to increase the redness 
and brightness of tea liquor, while iron appears to have a darkening effect. In terms of 
the nutritional implications of metal complexation, there have been reports that tea 
consumption reduces iron absorption (Disler et at., 1975) and could contribute to iron 
deficiency.
The majority of recent work into the physiological effects of tea drinking has focused 
on the anti-oxidant activity of tea phenols. Evidence is accumulating to suggest that 
the anti-oxidant status of an individual shows a positive correlation with life span 
(Cutler, 1991). Furthermore the anti-oxidant activity of tea polyphenols may be 
protective against certain free radical-induced diseases, such as rheumatoid arthritis and 
cancer (Diplock, 1991). Green tea flavan-3-ols suppress the mutagenicity of several 
dietary carcinogens in the Ames test (Bu Abbas et al, 1994) and suppress plasma 
malondialdehyde levels in rats on high lipid diets (Quartley et al., 1994). It may be 
unwise simply to extrapolate similar qualities for the polyphenolic pigments of black 
tea, but conclusive results may soon be to hand as activity in this area is gaining 
momentum.
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1.6 CONCLUDING REMARKS AND STUDIES PROPOSED
The TR represent between 9-15 % of the soluble solids of black tea and contribute to 
the colour, flavour and possibly health implications of tea consumption, yet from the 
preceding review of tea chemistry it is clear that progress into the nature of this 
material has been tediously slow. It is therefore proposed to refine methods of 
fractionating tea pigments, and examine the use of these procedures in various 
combinations, in an attempt to isolate less complicated TR fractions, with the ultimate 
aim of isolating homogei&us TR material for structural characterisation.
Spectroscopic techniques for structure determination, including nuclear magnetic 
resonance (NMR) spectrometry, mass spectrometry (MS) and infra-red (IR) 
spectrophotometry, will be applied to homogenous TR isolates.
Chemical characterisation using structure specific procedures will also be attempted; 
e.g. Porter's autoxidative assay (Porter et al., 1986) is proposed as one means to 
investigate TR isolates, particularly for the presence of proanthocyanidin material. The 
development of an HPLC method of analysis should allow a more detailed analysis, 
including quantification, of the products resulting from this acid-induced 
depolymerisation, and other transformations that occur as a result of the conditions of 
this assay.
The original aim of this study was to learn more about the nature and origin of black 
tea pigments while assessing their potential as commercial colourants. Hence stability 
trials of black tea extracts, stored under various conditions of temperature, and with 
various additives, will be monitored by HPLC, to investigate the stability of these 
pigments and to monitor degradation products. The data obtained could also be of 
value in the production of stabilised tea liquor beverages which have recently started to 
appear in the UK market.
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CHAPTER 2
FRACTIONATION
OF
BLACK TEA 
PIGMENTS
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2.1 INTRODUCTION
For the characterisation of chemical structures in a complex mixture of chemicals the 
first step is invariably separation and isolation of individual components. Structural 
determinations carried out on mixtures of chemicals provide little usefiil information, 
as identified structural components and fiinctional groups cannot be assigned to 
individual chemical structures. This has been a problem facing tea chemists over the 
last 40 years due to tea liquor being a very complicated heterogeneous solution, which, 
as has been found, is not easily separable into individual constituents. Between 9-15 % 
(Millin, 1987) of the total soluble solids of black tea liquor remain uncharacterised and 
inseparable from each other; these represent the thearubigins (TR).
Probably the most powerful analytical tool available to todays scientists is high 
performance liquid chromatography (HPLC). HPLC methodology has improved 
considerably in recent years and, with the exception of the TR, analysts have been able 
to separate all the components of a tea liquor into individual species, producing distinct 
peaks on chromatograms. The majority of the TR are observed to elute on reversed 
phase HPLC as a broad band, observed as a baseline hump, over the duration of the 
chromatogram.
The improved efficiency, resolution, flexibility and speed of HPLC, compared with 
other chromatographic methods, together with improved detection and data collection 
systems has led to the use of HPLC as a method of analysis for fractions isolated from 
cruder, large scale chromatographic separations of tea liquors, and also solutions 
obtained from in vitro model system studies. Only very small samples are required for 
analysis, with injection volumes usually in the range 5-50 pi, often exhibiting sensitivity 
capable of detecting 1 pg ml~i of an analyte. The chromatograms obtained by HPLC 
provide information as to the composition and purity of isolated fractions, but are still 
only capable of showing the presence or absence of TR material by the presence or 
absence of a chromatographic hump.
During this study, several existing methods of fractionating black tea liquor have been 
employed, modified, and combined with new methods, in an attempt to fractionate tea 
liquor into various groups of, or individual, components. The results of such 
separations often provide useful information with regard to certain characteristics of 
the material simply by their behaviour under the conditions employed. The ultimate 
aim, however, is to isolate (homogei&us) extracts containing individual TR
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compounds, which can then be used for structural characterisation. It was hoped that 
any progress along these lines would provide an insight into the nature of the hump.
2.2 MATERIALS AND METHODS
2.2,1 Materials
A Lattakari Assam black tea (Importers Ltd, Guildford, UK) was used for all methods 
unless otherwise stated.
(+)-Catechin (C), (-)-epicatechin (EC), caffeine, quercetin-3-p-D-rutinoside (rutin), 
kaempferol-3-P-D-rutinoside and Sephadex LH-20 were, obtained from the Sigma 
Chemical Company Ltd (Poole, Dorset, UK). Gallic acid was obtained from the 
Aldrich Chemical Company (Gillingham, Dorset, UK). Analytical grade methanol, 
acetone, ethyl acetate, ethyl propionate, chloroform, acetic acid, hydrochloric .acid 
(HCl) and HPLC grade acetonitrile (ACN) were obtained from Lisons Ltd 
(Loughborough, Leicestershire, UK).
(-)-Epigallocatechin (EGC) and (-)-epigallocatechin gallate (EGCG) were isolated 
from green tea liquor using the HPLC method developed by Opie et al. (1990) with a 
semi-preparative column (150 x 10 mm), a slightly modified gradient and a 3 ml min~^  
flow rate.
Solkafloc cellulose (grade BW200) was kindly supplied by Johnsen, Jorgensen and 
Wettre Ltd (Wokingham, Berkshire, UK). The gallate esterase preparation was kindly 
supplied by ISP (Europe), Guildford, UK. The hydrolysable tannins vescalagin and 
roburins B and D were kindly supplied by Dr Augustin Scalbert (INRA, Thiverval- 
Grignon, France).
2.2.2 Tea infusion
Tea (40 g) was soaked in chloroform overnight to remove caffeine. The solvent was 
removed from the leaf by filtration and the leaf allowed to air dry. Chloroform- 
extracted leaf (18 g) was infused in a pre-warmed thermos flask with 400 ml boiling 
distilled water. The flask was inverted at 30 s intervals over a 10 min period, afl:er
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which the leaf was removed by decanting through glass wool. On cooling to 
approximately 60 °C, the liquor was extracted twice with equal volumes of chloroform 
to remove any remaining caffeine. Extraction carried out at this temperature to 
maximize caffeine removal and thus pre-empt the formation of insoluble complexes.
2.2.3 Fractionation of black tea liquor
2.2.3.1 Partition chromatography
Using the method of Bradfield and Penney (1944), decaffeinated black tea liquor 
(400 ml), prepared as described above, was partitioned against ethyl acetate until no 
further orange pigment was extracted (» 6 x 250 ml). The ethyl acetate extracts 
containing the theaflavins were combined and taken to dryness in a rotary vacuum 
evaporator with gentle warming (< 35 °C). The red-brown aquee»». residue was 
resuspended in a small volume of water, and freeze-dried to provide the TF-rich 
fraction. The aqueous phase, containing Roberts' Sla and SII TR, was similarly freeze- 
dried to yield the TR-rich fraction.
For comparison the above method was repeated with ethyl propionate.
2.2.3.2 Caffeine precipitation
Caffeine was added back to warmed (« 80 °C) aliquots of the TF-rich and TR-rich 
fractions, reconstituted at concentrations equal to their concentrations in normal tea 
brew, to provide known caffeine concentrations of 0, 2*5, 5*0, 10*0, 15*0, 20*0, 30*0, 
40*0 and 60*0 mM, in order to investigate the efficiency of precipitation with caffeine 
as a fractionation procedure. Once creaming had commenced, these solutions were 
cooled to 4 °C, held for 2 h and centrifuged at 22,500 x g  for 20 min. Each 
supernatant, containing the tea components that had failed to form insoluble complexes 
with caffeine (non-caffeine precipitatable material), was analysed directly by HPLC. 
Each pellet was resuspended in a volume of water equal to that from which it had been 
precipitated using a sonic bath and heating to approximately 80 °C. The caffeine was 
removed by extracting twice with an equal volume of chloroform as described above 
(section 2.2.2). The decaffeinated solutions  ^containing compounds that form cold
35
water-insoluble complexes with caffeine (caffeine precipitatable material), were then 
analysed by HPLC as described below (section 2.2.4).
2.2.3.3 Adsorption chromatography with cellulose
The theafulvin (TFu) fraction was prepared using a slightly modified version of the 
method developed by Bailey et al (1992). Solka-Hoc cellulose was washed with 
1 M HCl and allowed to settle. The fines were decanted off, the slurry filtered through 
a large Buchner funnel, and the cellulose washed (in the funnel) with distilled water 
followed by methanol. A slurry of the cellulose, in methanol, was used to pack a glass 
column (75 mm diameter) and the slurry allowed to settle to a depth of 200 mm. 
Decaffeinated tea liquor (400 ml), prepared as described above (section 2.2.2), was 
applied to the top of the column. The column was washed with 1*0 litre methanol, 
followed by 1*0 litre acetone (or until the eluate was colourless) and the washings 
discarded. The material adsorbed to the column was eluted with 50 % v/v aqueous 
acetone and fi-eeze dried to produce the TFu.
2.2.3.4 Gel permeation chromatography with Sephadex LH-20
Sephadex LH-20 (200 g) was soaked overnight in aqueous acetone (30-60 % v/v 
acetone dependant on sample to be chromatographed). The fines were decanted off 
and the remaining slurry used ^  carefiilly^pack a glass column (75 mm diameter) to a 
depth of 200 mm. The concentrated tea extract (5-6 ml) was applied to the top of the 
column and eluted with aqueous acetone at the same concentration in which the 
Sephadex had been soaked, maintaining a flow rate of 4-5 ml min”  ^ controlled by a 
PTFE tap at the base of the column. Due to the pigmented nature of the sample, 
fractions were collected on a visual basis. Acetone was evaporated out of each 
fraction using a vacuum rotary evaporator with gentle warming (< 40 °C), and the 
remaining aqueous solution freeze dried.
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2.2.4 HPLC of black tea polyphenols
2.2.4.1 Analytical HPLC
Columns obtained from Shandon (100 x 4*6 mm) were packed "in house" using a 
Shandon column packer. A 55 g litre"^  slurry of Hypersil 3-pm ODS packing material 
in acetone was driven into the blank tubes by a high pressure ascending slurry packing 
technique. These analytical columns were connected to a Spectra Physics P4000 
gradient pump coupled to a Spectra Physics AS3000 autosampler. The 
chromatographic conditions were developed from those used by Opie et al. (1990) 
and were as follows;
Injection volume: 
Mobile phase:
Gradient:
Flow rate:
50 pi
Solvent A, 5ml litre~^  acetic acid 
Solvent B, 5 ml acetic acid and 300 ml 
acetonitrile litre"^
100 % solvent A to 100 % solvent B over a 
convex gradient of 35 min (The equation for the 
gradient is: B% = 0*36 + 17*34Vt, where t ~ time 
(min))
1 ml min”^
Detection was performed using a Spectra Physics forward optical scanning detector set 
up to scan the visible region between 370 nm and 550 nm. Data collection and 
processing were performed on an IBM PS/2 computer equipped with Spectra FOCUS 
software.
2.2.4.2 Semi-preparative HPLC
A column (150 x 10 mm) pre-packed with Hypersil 3-pm ODS was obtained from 
Hichrom (Theale, Berkshire, UK). Chromatographic conditions were as described 
above with the following modifications:
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Injection volume: 
Gradient:
Flow rate:
500 pl
modified according to the retention time of the 
chosen peak and its environment upon elution 
3 ml min"^
2.2.4.3 Size exclusion HPLC
A column (300 x 7*5 mm), pre-packed with a hydrophilic bonded silica material (5 pm 
particle size; 145 Â pore size) (Biosep-SEC-S2000) was obtained from Phenomenex 
(Macclesfield, Cheshire, UK). This column was connected to a Spectra Physics P4000 
gradient pump coupled to a Spectra Physics AS3000 autosampler. Chromatographic 
conditions were as follows:
Injection volume: 
Mobile phase:
Gradient:
Flow rate:
Oven temperature:
50 pi
0 5 g sodium dodecyl sulphate (SDS) 
0*5 g sodium azide litre"^  
isocratic
1 ml min"i 
30 °C
and
Detection was performed using a Spectra Physics forward optical scanning detector set 
up to scan the UV region between 250 and 365 nm or the visible region between 370 
and 550 nm. Data collection and processing were performed on an IBM PS/2 
computer equipped with Spectra FOCUS software.
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2.3 RESULTS AND DISCUSSION
2.3.1 HPLC analysis of black tea polyphenols
All black tea extracts and fractions isolated were analysed using the HPLC method 
described in section 2.2.4.1 to classify the pigmented components (characterised 
andiéee uncharacterised) present in the isolate. It is important, therefore, first to 
consider a chromatogram obtained from the HPLC analysis of a decaffeinated whole 
black tea liquor, monitored in the visible region so as ^  only^ detect pigmented 
components.
Figure 2.1 shows the chromatogram, recorded at 380 nm, obtained by HPLC analysis 
of a decaffeinated black tea liquor. The material detected at this wavelength can be 
divided into three groups, TF, FG and TR. Preliminary assessment as to the nature of 
a peak can be made from its spectral characteristics; compounds within the same group 
generally possess similar spectra. The TF are the most hydrophobic group of 
compounds and appear towards the end of the profile, preceded slightly by some TF- 
acids. Peaks 22 and 24-26 were identified as theaflawn (tf), theafiavin-3 -gallate 
(tf3mg), theafiavin-3 '-gallate (tf3'mg) and theaflavin-3,3-digallate (tfdg), respectively, 
from NMR spectra obtained from these peaks isolated using semi-preparative HPLC. 
Peaks 15, 21 and 23 have spectral properties that resemble TF and are
probably TF isomers. The benztropolone group is the chromophore in the tf molecule 
and is therefore responsible for the absorption in the visible region (figure 2.2a). The 
galloyl groups and the isomeric orientation of the different TF do not affect the visible 
region of their spectra to any great extent (table 2.1) (Roberts and Williams, 1958) and 
preliminary identification of a TF peak can therefore be made on the basis of a spectral 
comparison. The same also applies to the spectral properties of the TF-acids (figure 
2.26). Co-chromatography with the major peak produced by the ferricyanide 
oxidation of C and gallic acid, and EC and gallic acid (Collier et al, 1973) suggests that 
peaks 18 and 19 are theaflavic and epitheaflavic acids respectively, while spectral 
comparisons suggest that peak 20 is also a TF-acid. Co-chromatography with 
commercial standards identified peaks 12 and 16 as rutin and kaempferol-3-rutinoside, 
respectively. Spectral comparisons indicate that many of the remaining resolved peaks 
(7, 9, 11-14, 16, 17) are also untransformed green tea FG (figure 2.2c).
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Table 2.1 Absorption spectra (X^ ax) of the TF compounds in ethanol
Compound 0^ max (nm)
Theaflavin 270 294 380 465
Isotheaflavin 270 294 378 467
Neotheaflawn 270 295 378 465
Theafiavin-3 '-gallate 275 - 378 464
Theafiavin-3 -gallate 275 - 378 465
Theafiavin-3,3 '-digallate 278 - 378 460
Theafiavic acid 280 - 404 -
Epitheafiavic acid 280 - 400
Epitheafiavic acid-3'-gallate - - - -
(Robertson, 1992)
Peaks 1, 2, 3 and 5 have been isolated during the course of this study. Peak 3 was 
identified as 5-caffeoylquinic acid (chapter 3). Peaks 1, 2 and 5 belong to a group of 
structurally related compounds for which the name theacitrins (TC) has been proposed 
(section 2.3.4). These three peaks have been distinguished fi"om each other on the basis 
of the retention time at which they were first observed (TC-6-4, TC-7'3 and TC-9-4). 
Although these retention times vary to a small extent with operating conditions, age of 
column etc, the original numerical descriptions have been retained. All other peaks 
detected on the chromatogram are unclassified. Peaks 4, 6, 8 and 10 do not resemble 
TF or FG and will be referred to as TR, but in terms of peak area at 380 nm it is the 
compounds contained within the unresolved hump that constitute the largest 
proportion of the TR. It is expected that some of the recently reported TFu (Bailey et 
al, 1992) may also be present but these compounds can-not be distinguished from TR 
by their spectral/reversed phase HPLC characteristics.
The peak numbering system employed for this chromatogram has been adhered to 
wherever possible for all subsequent chromatograms, and is tabulated in table 2.2.
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Table 2,2 Identification of chromatographic peaks detected at 380 nm
Peak No. Peak identification
I Theacitrin-6'4
2 Theacitrin-7'3
3 Chlorogenic acid
4 Unknown
5
6 Unknown
7
8
9 Flavonol glycoside
10 Unknown
11 Flavonol glycoside
12 Quercetin-3 -rutinoside
13 Flavonol glycoside
14 Flavonol glycoside
15 Theaflavin type
16 Kaempferol-3 -rutinoside
17 Flavonol glycoside
18 Theaflavic acid
19 Epitheaflavic acid
20 Theaflavic acid type (probably gallate)
21 Theaflavin type
22 Theaflavin
23. Theaflavin type
24 Theaflavin-3 -gallate
25 Theaflavin-3 -gallate
26 Theaflavin-3,3 '-digallate
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Figure 2.2a Visible absorption spectrum (370-550 nm) of theaflavin
0 . 2 4 0 0
0 . 1 9 2 0
0 . 1 4 4 0
0 . 0 9 6 0
0 . 0 4 8 0
3 7 7 Î^ÔT"4 8 0
Figure 2.2b Visible absorption spectrum (370-550 nm) of theaflavic acid
0 . 3 2 0 0
0 . 2 5 6 0
0 . 1 9 2 0
0 . 0 6 4 0
0 .0000 5^04^0 4 8 0
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Figure 2.2c Visible absorption spectrum (370-550 nm) of rutin (a typical FG)
0 . 3 G 0 0  .k
!\
I \
2 1 6 0
1 4 4 0
0 7 2 0
0 0 0 0
5 2 0
Figure 2,2d Visible absorption spectrum (370-550 nm) of TC-6’4
2 4 0 0
1200
3 70
4 8 0 5 2 04 0 0
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2.3.2 Partition chromatography
Exhaustive partitioning of an aqueous tea infusion with a solvent is a form of liquid- 
liquid partition chromatography in its crudest form. More refined methods support the 
aqueous phase, usually water on a solid support such as starch or cellulose. Separation 
of the liquor components is based upon their diffeisnt distribution coefiScients for the 
two immiscible phases.
Figure 2.3 shows the chromatograms, recorded at 380 nm, obtained by HPLC analysis 
of the ethyl acetate-solubles (TF-rich fraction) and the ethyl acetate-insolubles (TR- 
rich fraction), under the conditions of the extraction, from a whole black tea liquor. In 
agreement with Roberts' (1958a) observations  ^it can be seen that the TF are almost 
completely extracted into the organic solvent. The majority of the TR, particularly the 
resolvable TR, remain in the aqueous phase, though a proportion of the unresolvable 
TR are extractable into ethyl acetate, corresponding to Roberts' SI TR. The FG also 
do not behave consistently; the majority clearly have a greater affinity for the ethyl 
acetate, although some are not completely extracted, while rutin appears to have a 
greater affinity for the aqueous phase and is the major resolvable peak in the TR-rich 
fraction.
Figure 2.4 shows the chromatogram, recorded at 380 nm, obtained by HPLC analysis 
of the ethyl propionate-solubles, under the conditions of the extraction, from a whole 
black tea liquor. As was expected, the increased hydrophobicity of this organic 
solvent, compared to ethyl acetate, resulted in reduced extraction of the more 
hydrophilic components of black tea liquor (the material eluting earlier on the HPLC 
gradient). The result is a tea extract far richer in TF, containing less FG and TR. This 
extract has proved to be of considerable use, particularly when the behaviour of TF 
under various conditions is being investigated  ^as results are then not complicated by 
the possible interference of other tea components. Also, by incubating the extract (in 
aqueous solution) with gallate esterase, it was possible to produce a considerable 
quantity of tÇwhich could easily be separated from the gallic acid and relatively small 
amounts of TR and FG on a column of Sephadex LH-20, eluting with 60 % v/v 
aqueous acetone, as described in section 2.2.4.4.
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Figure 2.3a HPLC analysis of the ethyl acetate-soluble (TF-rich) fraction from black
tea liquor
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0 . 1 3 5 6
0 .1 0 1 2  
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0 . 0 0
Figure 2.36 HPLC analysis of the ethyl acetate-insoluble (TR-rich) fraction from 
black tea liquor
A 380 nm
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Figure 2.4
liquor
HPLC analysis of the ethyl propionate-soluble fraction from black tea
A 380 nm
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2.3.3 Caffeine precipitation
The creaming of black tea liquor, as it cools down, is a well documented phenomenon 
(Roberts, 1963; Smith, 1968; Powell et al., 1993) and involves the precipitation of 
polyphenol-cafreine complexes that will be dealt with in more detail in chapter 5. It 
was established that not aU the components of black tea liquor were contributing to 
cream formation to the same extent, with some components forming cold water- 
insoluble complexes less readily.
Caffeine was added to the TR-rich and TF-rich fractions to see ^ these fractions could 
be sub-fractionated into those components that formed cold water-insoluble complexes 
with caffeine and those that fail to form cold water-insoluble complexes, or fail to 
complex, with caffeine. Figure 2.5a shows the chromatogram, obtained by HPLC 
analysis of a TF-rich fraction after the removal of the precipitate induced by 15 mM 
caffeine (non-caffeine precipitatables), while figure 2.56 shows the corresponding 
chromatogram for the resuspended decaffeinated pellet (caffeine precipitatables), 
showing clearly that this material is recoverable. It can be seen that caffeine 
precipitation has separated the TF-rich fraction into a TF enriched TF-rich fraction and 
an FG-rich fraction, and may therefore provide a useful fractionation procedure.
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Figure 2.5a HPLC analysis of the TF-rich fraction after the removal of the 
precipitate induced by 15 mM caffeine
O . l l O O
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Figure 2.56 HPLC analysis of the resuspended, decaffeinated pellet obtained from 
the precipitation induced in a TF-rich fraction by 15 mM caffeine
A 380 nm
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The removal of the tf3g, tf3'g and tfdg, by precipitation with 15mM caffeine, is 
approaching 100%, while tf itself is only 75% removed. To investigate the possibility 
that the peak remaining at the same retention time as tf could be a co-eluting 
compound, the precipitate was recovered, decaffeinated and again treated with 15 mM 
caffeine. Again the galloyl derivatives were 100% removed from solution, while 12% 
of tf remained. Since spectral matching also suggested that the remaining peak was 
indeed tf, it was concluded that tf is either not as readily completed as its more 
hydrophobic galloyl derivatives, or produces a complex with caffeine that exhibits a 
degree of solubility in cold water.
The optimum caffeine concentration for the formation of cold water-insoluble caffeine- 
polyphenol complexes was found to be 15 mM. These results support the findings of 
Collier et al. (1972) in that the tf-caffeine complexes appeared to pass through a 
minimal level of solubility at around 15 mM caffeine (figure 2.6). With caffeine 
concentrations between 15 mM and 60 mM the proportion of tf detected in the 
supernatant, after the removal of the complex, was observed to increase. This 
observation was also apparent, but less pronounced for the galloyl derivatives of tf.
Figure 2.6 Efficiency of caffeine precipitation for the four common TF
Percentage removed 
from solution in 50 -- 
complex
100 T
10 20 30 40
Caffeine conc. (mM)
50 60
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Also apparent from this study was a 60 % reduction in the area of the hump induced by 
15 mM caffeine. This TR material was also recoverable, with the TF, from the pellet. 
TF are known to be relatively unstable (chapter 6), and it was observed that storage of 
a solution of the TF-enriched caffeine-precipitatable material at 37 °C resulted in rapid 
degradation of the TF. This was accompanied by a colour change from orange to a 
very dark brown, with a slight red tint. An aqueous solution of the caffeine- 
precipitatable, TF-enriched, fraction, stored at 37 °C, was analysed at intervals by 
HPLC until no trace of TF remained (3-4 weeks), the chromatogram of the resulting 
fraction is shown in figure 2.7. The transformation/degradation products were 
pigmented and unresolvable under these conditions, (TR-like), forming a front loaded 
hump (i.e. are of a hydrophilic nature compared with the original TF). This fraction 
was also freeze dried and in future studies is referred to as degraded theaflavins (DTF).
Figure 2.7 HPLC analysis of the caffeine precipitatable material from the TF-rich 
fraction stored in an aqueous solution at 37 °C for four weeks (DTF fraction)
A 380 nm
0 . 0 0 6 4  .j ; I
1 IIWI
Retention time (min)
The TR-rich fraction contains more of the unresolvable material than the TF-rich 
fraction. The components of this water-soluble fraction are comparatively hydrophilic 
and as such elute earlier during the HPLC solvent gradient, (figure 2.36). Cream 
formation can be induced in this fraction by the addition of caffeine to concentrations
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in excess of 5*0 mM. Despite the observed turbidity, and production of a small pellet 
after centrifiigation, HPLC analysis of the supernatant reveal little or no reduction in 
peak area for any of the resolved peaks. Resuspension and decaffeination of the pellet 
produce a brown solution for which HPLC analysis reveal just a hump without any 
clearly resolved peaks (figure 2.8). Using a range of caffeine concentrations, it was 
observed that maximal precipitation of the unresolvable components of the TR-rich 
fraction occurred at 20 mM caffeine, but still accounting for only 7 % of that initially 
present.
Although the yield of caffeine-precipitatable material from the TR-rich fraction is 
rather small, its importance should not be overlooked. Since none of the resolvable 
TR or the FG participate in the formation of insoluble caffeine complexes, caffeine 
precipitation provides a convenient means to isolate a significant amount of hump 
(caffeine-precipitatable TR (CTR)) material for further study.
Figure 2.8 HPLC analysis of the resuspended, decaffeinated pellet obtained from 
the precipitation induced in a TR-rich fi-action by 20 mM caffeine (CTR fraction)
A 380 nm
- 0 . 0 0 2 0
7 . 0 0
Retention time (min)
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2.3.4 Adsorption chromatography with cellulose
A considerable amount of pigmented material was eluted from the column with the 
methanol and acetone washings. The material that remained on the column was eluted 
as a very sharp band with 50 % v/v aqueous acetone to produce the brown TFu extract 
(Bailey et aL, 1992). Figure 2.9 shows the chromatogram, monitored at 380 nm, 
obtained by HPLC analysis of the TFu fraction. The majority of the pigmented 
material is unresolvable TR, and in this respect it is similar to the CTR fraction, 
isolated as described above (section 2.3.3), and represents a good source of material 
for characterisation studies. It can also be seen that there are three peaks eluting 
relatively early in the profile (1,2 and 5) together with a trace amount of TF material. 
Peaks 1, 2 and 5 were found to posses spectral properties that were distinct from any 
of the characterised pigments of black tea liquor (figure 2 .2ri), and therefore appeared 
to be novel, resolvable, TR pigments. Additionally, the spectral characteristics were 
very similar for these three peaks^  suggesting these compounds may belong to a family 
of related compounds. They are intensely yellow in colour and therefore the name 
theacitrin (TC) is proposed for these compounds derived from the Greek Ôsa (strictly 
goddess, but adopted in English to refer to tea) and Kixpivos (yellow) (Powell et aL,
Figure 2.9 HPLC analysis of the TFu fraction
0 . 0 5 0 0
0 . 0 3 9 6
0 . 0 2 9 2  .
A 380 nm
0 . 0 1 8 8
- 0 . 0 0 2 0
3 5 . 0 01 4 . 0 0  2 1 . 0 0
Retention time (min)
2 8 . 0 00 . 0 0
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1994a,^). To differentiate between the three compounds, they will be referred to as 
TC-6-4, TC-7'3 and TC-9'4 (peaks 1, 2 and 5, respectively) according to their retention 
times under these chromatographic conditions.
2.3.5 Gel permeation chromatography with Sephadex LH-20
Sephadex LH-20 was used for purification of the tf, produced fi*om the action of 
gallate esterase on the ethyl propionate extract as described above. The tf could be 
eluted fi*om the column, free from the contaminating gallic acid and the small amounts 
of TR and FG present, using 60 % v/v aqueous acetone as the mobile phase. 
Relatively large amounts of tf could be isolated in this way for use as a standard 
material (> 98 % purity as determined by HPLC with detection at 280 nm).
Sephadex LH-20 was also used to further fi-actionate the DTF, CTR and the TFu 
fractions. Aqueous acetone (50 % v/v) was found to separate the DTF fraction into 
three well resolved brown bands. Figure 2.10 shows the chromatograms, recorded at 
380 nm, by reverse phase HPLC analysis of these three sub-fractions. The first sub- 
fraction (figure 2 .10a) is seen to consist of pigmented material that is unresolvable 
under these conditions, with no trace of any resolvable material. The hump is 
symmetrical in shape and relatively late eluting, when compared with the hump from a 
whole tea chromatogram (figure 2 .1), indicating a higher proportion of hydrophobic 
material. The second and third fractions to elute (figure 2.106 and 2 .10c), which 
represent the bulk of the DTF material, also contain a majority of unresolvable 
material, though it is much more hydrophilic in nature, eluting earlier and producing a 
front loaded, convex hump.
The basis of separation with gel permeation chromatography is molecular sieving, with 
smaller molecules being retarded in the pores of the stationary phase and eluting later 
than larger molecules which are excluded from the pores and pass through the 
interstitial spaces much more rapidly. It might, therefore, be expected that the first 
fraction to elute from the column of LH-20, would be composed of relatively high 
molecular weight material. However, the mechanism of separation on Sephadex LH- 
20, with aqueous acetone as the mobile phase, does to some extent involve adsorption 
of the analyte to the stationary phase (Cattell and Nursten, 1976). It is therefore 
possible that this early eluting fi-action could simply have a low affinity for the
53
stationary phase, compared with subsequent fractions, irrespective of molecular 
weight.
It is interesting to compare the behaviour of the four common TF when 
chromatographed on Sephadex LH-20. The first to elute is tf, followed by tf3g and 
tfB'g, with tfdg eluting last, suggesting that the adsorption of the galloyl group to the 
stationary phase is a more important factor contributing to their chromatographic 
behaviour than the increase in molecular weight associated with additional galloyl 
groups. The presence of galloyl groups is also associated with increased 
hydrophobicity and is the factor explaining the TF elution sequence on reverse phase 
HPLC columns. Comparing this with the observed behaviour of the DTF sub-fractions 
reveals a complete contrast. The DTF sub-fraction exhibiting a comparatively 
hydrophobic nature (later eluting hump on reverse phase HPLC), elutes from a column 
of LH-20 before the material exhibiting a comparatively hydrophilic nature (front 
loaded hump on reverse phase HPLC). The comparative hydrophobicity of this DTF 
fraction is therefore unlikely to be associated with additional galloyl groups, which 
appear to retard the migration of the material on reverse phase HPLC. This suggests 
that structural features other than galloyl groups are responsible for the polarity of this 
DTF/hump material and the basis of its chromatographic behaviour, in direct contrast 
to the TF from which it was initially derived.
Figure 2.10a HPLC analysis of the first sub-fraction to elute from the separation of 
the DTF with Sephadex LH-20
A 380 nm
2 8 . 0 02 1 . 0 01 4 . 0 0
Retention time (min)
0 . 0 0
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Figure 2.106 HPLC analysis of the second sub-fraction to elute from the separation 
of the DTF with Sephadex LH-20
0 . 0 2 5 0
0 . 0 1 4 2
A 380 nm
0 . 0 0 3 4
3 5 . 0 00 . 0 0 7 . 0 0 1 4 . 0 0  2 1 . 0 0
Retention time (min)
Figure 2.10c HPLC analysis of the third sub-fraction to elute from the separation of 
the DTF with Sephadex LH-20
A 380 nm
-i m  1 r r m  1 rrrr i r - rrr— i1 4 . 0 0  2 1 . 0 0
Retention time (min)
2 8 . 0 0  3 5 . 0 0
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The second and third sub-fractions can be seen to contain compounds producing peaks 
that elute close to the void volume of the column, similar to Bailey's group I pigments 
(Bailey et al., 1991). This material was not observed in the TF-enriched caffeine 
precipitate from which the DTF was derived and therefore appears to be 
transformation products from this material. The spectral characteristics of the early 
eluting peaks observed here (no maximum in the visible region, but tailing to 500 nm) 
differ from those reported by Bailey et al. (1991) for their group I pigments (one peak 
with absorption maximum at 510 nm, three peaks with absorption extending across the 
entire spectral region), suggesting that these are different types of compounds. 
However, Bailey et al. (1991) suggested that their group I substances may possess a 
high molecular weight and/or be charged molecules, possibly complexed with protein, 
causing their exclusion from HPLC columns, a theory which could also hold for the 
peaks observed here. In a subsequent publication (Bailey et ah, 19946% it was 
suggested that the group I pigments could be flavan-3-ol oligomers with end groups 
oxidised to the anthocyanidin level.
The CTR fraction was also further fractionated on Sephadex LH-20 using 50 % 
aqueous acetone as the mobile phase. A faint brown, well resolved band, was 
observed to elute first, with the rest of the material tending to spread out down the 
column into a series of ill-defined yellow/brown bands. Four sub-fractions were 
collected, although resolution between these fractions was not good. Figure 2.11 
shows the chromatograms obtained by HPLC analysis of these four sub-fractions, 
monitored at 380 nm (a linear gradient was employed for these fraction rather than the 
convex gradient described in the methods section, but with the same start and end 
conditions).
Once again the first fraction to elute chromatographs as a symmetrical hump, the only 
trace of resolvable material being a small peak eluting near the void volume of the 
column. The second, third and fourth sub-fraction are also principally hump material, 
with some small resolvable peaks eluting on top of the hump. The spectral properties 
of three peaks matched with the spectra of TC-6*4, TC-7’3 and TC-9’4 observed in the 
TFu fraction (retention times were not comparable due to a linear gradient being 
employed for these chromatograms only). The spectral properties of the remaining 
peaks in these fractions matched known FG and were not considered further.
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Figure 2.11 HPLC analysis of the sub-fractions obtained from the separation of the 
CTR with Sephadex LH-20, in order of elution
o.osoo
0 . 0 3 9 6
A 380 nm
- 0 .0 0 2 0
3 5 . 0 01 4 . 0 0  2 1 . 0 0
Retention time (min)
7 . 0 0
Figure 2.11a First CTR sub-fraction
0 . 0 3 9 6
0 . 0 2 9 2
A 380 nm
1 4 . 0 0  2 1 . 0 0
Retention time (min)
00 7 . 0 0
Figure 2.116 Second CTR sub-fraction
0 . 0 5 0 0
0 . 0 2 9 2  .
A 380 nm
o.oo 3 5 . 0 01 4 . 0 0
Retention time (min)
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Figure 2.11c Third CTR sub-fraction
0 , 0 5 0 0
0 3 9 6
0 . 0 2 9 2
A 380 nm
0 . 0 0 8 4
- 0 . 0 0 2 0
0 7 . 0 0 1 4 . 0 0  2 1 . 0 0
Retention time (min)
3 5 . 0 0
Figure I S l d  Fourth CTR sub-fraction
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Further consideration of the chromatogram obtained from the whole CTR fraction 
(figure 2.8) reveals that traces of TC, FG and TF are apparent on the limits of 
resolution. Chromatography of the CTR fraction, with Sephadex LH-20, appears to 
have concentrated these groups of compounds in individual TR sub-fractions.
It was found that improved resolution could be obtained by eluting these crude TR 
fractions from Sephadex LH-20 with 30 % v/v aqueous acetone. Reducing the 
acetone concentration any further simply resulted in lengthy run times. Figures 2.12a- 
2.12g show the chromatograms, recorded at 380 nm, obtained by reverse phase HPLC 
analysis of the first seven fractions to elute from the LH-20 using these conditions to 
fractionate the TFu. This material was observed to elute as yellow bands, though still 
not completely resolved. After the elution of these fractions a considerable amount of 
orange/brown material remained on the column, and could be eluted with 45 % 
aqueous acetone. HPLC analysis of these subsequent fractions revealed them to 
contain principally unresolvable material with a few minor peaks identifiable as FG and 
TF.
TC-6-4, TC-7-3 and TC-9-4, observed in the chromatograms obtained by reverse phase 
HPLC of the CTR sub-fractions, were detected once more in these chromatograms. 
TC-6-4 and TC-7-3 were concentrated in the third sub-fraction (figure 2.12c) while 
TC-9-4 was concentrated in the sixth (figure 2.1%. All remaining peaks were 
identified by retention time and spectral characteristics as FG The hump shape is 
fairly consistent in its skewed shape for all of the seven sub-fractions except for the 
first,which is more symmetrical in shape. This is consistent with the first sub-fraction 
collected from all the TR fractions separated in this way.
The concentrations of TC-6-4, TC-7-3 and TC-9-4 in their respective sub-fractions, 
and the quantities of each of these sub-fractions obtained, were sufficient to attempt 
isolation of these novel pigments by semi-preparative HPLC to obtain homogeneous 
TR material for characterisation.
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Figure 2.12 HPLC analysis of the sub-fractions obtained from the separation of the 
TFu with Sephadex LH-20, in order of elution
0 . 0 2 9 2
0 . 0 0 8 4
3 5 . 0 01 4 . 0 0  2 1 . 0 0
Retention time (min)
2 8 . 0 00.00
Figure 2.12a First TFu sub-fraction
0 . 0 2 9 2
A 380 nm
2 8 . 0 07 . 0 0 Retention time (min)
Figure 2.126 Second TFu sub-fraction
60
0 . 1 1 9 6
A 380 nm
0 . 0 2 8 4
00 3 5 . 0 01 4 . 0 0  2 1 . 0 0
Retention time (min)
Figure 2.12c Third TFu sub-fraction
0 . 0 S 9 6
A 380 nm
- 0 . 0 0 2 0
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Retention time (min)
Figure l A l d  Fourth TFu sub-fraction
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A 380 nm
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0 . 0 0 7 . 0 0 3 5 . 0 01 4 . 0 0  2 1 . 0 0
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Figure 2.12e Fifth TFu sub-fraction
0 . 1 5 9 6  J
A 380 nm
3 5 . 0 02 8 . 0 01 4 . 0 0
Retention time (min)
2 1 . 0 07 . 0 00 . 0 0
Figure 2 A l f  Sixth TFu sub-fraction
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Figure 2.12^ Seventh TFu sub-fraction 
2.3.6 Semi-preparative HPLC
To isolate TC-6*4 and TC-7-3 from the third TFu sub-fraction,a concave gradient was 
employed running from 20 % solvent B (6 % ACN) to 100 % solvent B (30 % ACN) 
over 35 min. These conditions eluted the comparatively hydrophilic hump material 
with the solvent front, followed by a 10 min period, almost isocratic, during which 
TC-6-4 and TC-7-3 eluted with very little underlying hump material. The remainder of 
the hump eluted later in the profile, during the steep portion of the gradient curve, 
although to save time this comparatively hydrophobic material was often eluted rapidly 
by over-riding the gradient and manually switching to 100 % solvent B.
For isolation of TC-9-4 the same principles were applied, but it was found^a starting 
concentration of 35 % solvent B (10-5 % ACN) was required for the peak to elute 
during the shallow portion of the gradient curve and minimize underlying hump 
material. The isolates of each peak from successive runs were pooled and freeze dried 
to produce an intensely yellow powder. The purity of the isolates was determined at 
91-5 %, 82-8 % and 88-0 % for TC-6-4, TC-7-3 and TC-9-^ respectively by analytical 
HPLC with detection at 280 nm.
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Acetate in the isolates was found to interfere with some of the subsequent structural 
assays. Complete removal of acetate from the HPLC solvents resulted in very poor 
resolution, so its presence was maintained, though reduced from 5 ml litre"  ^ to 1 ml 
litre~i.
2.3.7 Size exclusion HPLC
Analytical size exclusion HPLC (SEC) was investigated for a short period towards the 
end of this project. The preliminary results were very promising» although the 
operating conditions have not been fully optimised. An aqueous mobile phase was 
employed with sodium azide (0*5 g litre” )^ included as an antimicrobial agent to 
protect the column during periods out of use. Sodium dodecyl sulphate (SDS) is a 
protein dénaturant recommended to improve the chromatographic separation of 
proteins and was included in the mobile phase (0*5 g litre" )^ for these experiments, 
although it has not yet been investigated whether any advantage was gained by its 
presence.
Figure 2.13 shows the chromatograms, monitored at 280 nm, obtained for the SEC 
separation of the CTR, TFu and DTF fractions. It can be seen that a degree of 
separation has been achieved, particularly for the CTR and TFu fractions, that is a 
considerable advance over reverse phase HPLC separations of these fractions, even 
though baseline separation has still not been achieved. A comparison of figure 2.13cf 
and 2.136 reveals that the CTR and TFu appear to consist of the same peaks, although 
in different proportions. Peak d predominates in the CTR while peaks b, c, h, i and j 
are quantitatively minor components compared to their contribution to the TFu. It is 
therefore possible that these components may not be efficiently precipitated by 
caffeine; alternatively they may be readily soluble in ethyl acetate (SI TR) and would 
therefore not have been present in the TR-rich fraction from which the CTR was 
derived. The DTF fraction produces a markedly different profile (figure 2.13c), with 
the majority of the material eluting in the void volume of the column.
A logarithmic relationship should be obtained between molecular weight and retention 
time for SEC separations, provided that a constant flow rate is maintained and the 
analyte is readily soluble in the mobile phase. It is therefore possible to obtain a 
calibration plot to estimate the molecular weight of the various TR components 
separable on this system.
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Figure 2.13a Chromatogram of the CTR fraction separated by SEC
o.oeoo
0 . 0 4 7 5  .
0 . 0 3 5 2
A 280 nm
0 . 0 2 2 8
0 . 0 1 0 4
0.00 1 2 . 0 0 2 4 . 0 0  3 6 . 0 0
Retention time (min)
Figure 2.136 Chromatogram of the TFu fraction separated by SEC
A 280 nm
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6 0 . 0 0
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Figure 2.13c Chromatogram of the DTF fraction separated by SEC
2 . 0 0 0 0
1 . 5 9 6 0
1 . 1 9 2 0  -
A 280 nm
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Table 2,3 Molecular weight standards
Standard Retention time^ (min) 
(mean)
Molecular weight 
Actual Predicted^
Protein 5*7 (void volume) 700,000
Roburin B 9*2 (n = 2) 1,998 1,848
Roburin D 9*15 (n = 2) 1,850 1,851
Procyanidin tetramer 22 (n "  2) 1,154 1,171
Vescalagin 27 (n = 1) 934 980
Procyanidin dimer 40 (n = 1) 578 574
Theaflavin 42(n = 4) 564 616
Epicatechin 63(n = 4) 290 271
« at 30 °C
 ^value predicted by regression equation (log MW = 3*32 -  0‘015(RT -  Vq))
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A range of phenolic standards was investigated, and the data obtained are presented 
in table 2.3. Previous workers have reported the need for derivatisation of 
condensed tannins (Williams et a/., 1983) and hydrolysable tannins (Viriot et al., 
1994) prior to SEC analysis. The phenolic standards investigated with this SEC 
system all exhibited satisfactory resolution, without the need for preliminary, 
time-consuming derivatisation techniques, and produced a linear calibration curve 
(log MW = 3*32 -  0*015(RT -  Vq), R = 0-994). A high molecular weight protein, that 
exceeded the specified molecular mass range of the column, was analysed to identify 
the void volume (Vq) of the column. The calibration curve obtained indicates that it 
may be possible to separate phenols on this SEC system in the molecular weight range 
290-2,100 daltons.
Using the regression equation it was possible to calculate the approximate molecular 
weights for the TR constituents, or groups of TR constituents (peaks are not 
necessarily homogeimus), resolved by SEC. These data are presented in table 2.4.
Table 2.4 Approximate molecular weights for groups of TR constituents resolvable 
by SEC
Peak Retention time^ 
(min)
Estimated 
molecular weight
a void volume < 2,100
b 7*60 1,950
c 8*86 1,900
d 9*39 1,850
e 10-74 1,750
f 12-03 1,650
g 12-83 1,600
h 14-79 1,500
i 15-53 1,450
j 18-25 1,350
k 19-40 1,250
1 20-93 1,200
m 29-17 900
n 30-37 850
« at 30 X
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These estimated molecular weights must be considered with due caution. SEC 
separations are often calibrated using polystyrene standards which are readily available 
from column manufacturers; however, different classes of compounds may behave 
differently on the same SEC column. For example secondary structural features, such 
as the configuration of molecules, are likely to affect the separation. Viriot et al. 
(1994) reported the use of polystyrene standards as resulting in a 40 % under­
estimation of the molecular mass of some ellagitannins. Additionally, it was found that 
a limited number of protein standards analysed in this study were not consistent with 
the calibration curve developed with phenolic standards. Accurate interpretation of 
SEC results therefore requires comparison of closely related molecules. The precise 
nature of the TR remains unknown; however, the polyphenol standards used for 
calibration are likely to be more suitable than protein or polystyrene standards.
Roberts' originally estimated the molecular weight range of the TR as 596 - 677 
employing an ebullioscopic method (Roberts et ah, 1957), and concluded that the TR 
are principally flavan-3-ol dimers, while Millin and Rustidge (1967) predicted that the 
molecular weight range of the TR may extend to 40,000 daltons. Roberts' SI and SII 
TR fi-actions have recently been re-analysed, using modem HPLC methods of analysis 
(Bailey et al., 19946), and found to contain significant amounts of resolvable, 
characterised tea constituents (gallic acid, FG, TF, caffeine, and cinnamic acid 
derivatives). The inability to isolate pure TR fractions is probably responsible for 
Roberts' apparent under-estimation for the molecular weight range of the TR as low 
percentages of comparatively small molecules, present in an isolate, produces a 
disproportionate effect on the average mass estimated by ebullioscopy. The view of 
Millin and Rustidge is also likely to be in error as Millin's TR fraction constituted the 
non-dialysable material (ndm) from black tea liquor, which, in addition to non-dialysable 
pigments, also contained significant amounts of polysaccharide and protein (Millin et 
al., 1969a). More recently, Cattell and Nursten (1975) isolated TR fractions using 
Sephadex LH-20 and illustrated the presence of a series of oligomeric substances with 
molecular weight around 1,500 àcX\3»f>s.
The results obtained in this study suggest that there may be little TR material, 
associated with fresh tea liquor extracts (CTR and TFu), above 2,000 daltons. The 
DTF fraction results from degradation/transformation of characterised tea polyphenols, 
upon liquor storage. The resulting polyphenols elute with the void volume of the 
column, and are, therefore, presumably of a high molecular weight (> 2,100 daltons). 
This suggests that the TF, TF-acids and flavan-3-ols, present before storage, have all
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been involved in extensive polymerisation and/or condensation to form the DTF 
material. This type of material does not seem to be present at significant levels in the 
TR extracts from fresh tea liquor.
Assuming the TR are polymeric flavan-3-ols (Bailey et a/., 1992; 1994a), these results 
would imply not more than seven C/EC units. The incorporation of flavan-3-ol 
gallates would lead to polymers containing fewer monomer units for a given mass.
2.4 CONCLUDING REMARKS
The use of caffeine precipitation is proposed as an aid to the fractionation of black tea 
liquors. Two methods are now available (caffeine precipitation (Powell et al., 1993) 
and chromatography on cellulose (Bailey et al,, 1992)) by which TR material can be 
isolated from black tea virtually free from other, characterised, tea pigments (TF and 
FG). These isolates provide a convenient source of uncharacterised material for 
further study (chapters 3 and 4), although it must be appreciated that they remain 
complex and heterogeneous materials and exhibit all the inherent problems associated 
with interpretation of subsequent structural assays.
The use of Sephadex LH-20 has provided a method for the isolation of three, 
apparently related, novel TR pigments (TC), from both the CTR and the TFu. 
Characterisation studies on these homogenous extracts are described in chapter 4. It is 
worth speculating as to whether these compounds are complexed within the 
unresolvable hump material, and somehow decomplexed during their passage through 
Sephadex LH-20, or whether they are simply present at low levels and are 
concentrated in the appropriate sub-fractions obtained from the column. They are 
clearly evident in the chromatograms of the TFu fraction, prior to fractionation on 
Sephadex LH-20 (figure 2.9); howeve^ their presence is not obviously apparent in the 
chromatograms of the whole CTR fractions, indicating that they may have emerged 
from the unresolvable complex.
Elemental nitrogen was determined, by micro-analysis, at 0-56-0*63 % in the CTR 
fraction. Residual caffeine was not detected in chromatograms obtained by HPLC, and 
no evidence was seen for the release of bound caffeine after treatment with Porter's 
reagents. This nitrogen may therefore indicate the presence of a small amount of 
protein (« 3*5 %) or nucleotides (» 2*8 %). Protein or nuclear material is capable of
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complexing with polyphenolic material so could be responsible for forming a complex, 
perhaps containing the TC, although whether such a complex would be broken on a 
column of Sephadex LH-20 to provide the observed results is uncertain. Protein 
complexation certainly can-not explain the majority of the unresolvable material as no 
elemental nitrogen was detected in the theafulvin fraction. Other types of complexes, 
for example, phenol-phenol complexes,can-not be ruled out, but it is perhaps more likely 
that the Sephadex LH-20 simply concentrates the TC, which are already in a free form, 
in the appropriate sub-fractions. Figure 2.14 shows the area of the chromatogram 
from the CTR fraction, where the TC are observed to elute, on an exploded scale; 
small peaks are detectable that represent TC-6 4 and TC-9 4.
Figure 2.14 Exploded view of the region where the TC elute in the chromatogram 
obtained by HPLC analysis of the CTR fraction
A 380 nm
0 .0 0 8 0
0 . 0 0 0 0
1 2 . 0 06 . 0 0
Retention time (min)
The fractionation procedures described above, and the isolates that can be obtained 
using various combinations of these fractionation procedures are summarised in figure 
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The use of SEC has been shown to provide partial resolution of TR fractions that are 
not resolvable with reverse phase HPLC. The method still requires optimisation, but 
preliminary results suggest that such a method may be a usefial tool to provide 
"fingerprints" of tea samples which might be of use for the assessment of tea liquor 
authenticity and liquor quality, particularly as a relationship between the molecular size 
of tea polyphenols and "mouthfeel" has been suggested (Millin et ah, 1969c; Haslam et 
ah, 1992). Also, use of this method on a preparative scale could provide TR fractions 
of less complexity than current extracts, possibly even homogei&us extracts, at least 
with respect to molecular size, and which would be a more convenient material for 
further characterisation.
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CHAPTER 3
USE OF PORTER'S 
REAGENTS 
FOR THE 
CHARACTERISATION 
OF TEA PIGMENTS
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3.1. INTRODUCTION
Unresolvable, TR-like, material can be formed enzymically (Sanderson et al., 1972; 
Opie et al., 1990) or chemically (Bailey et al., 1993) in model systems containing 
individual, and pairs of, flavan-3-ols, and by coupled oxidations of TF (Bajaj et al., 
1987; Opie et al., 1993). The mechanisms of these transformations and the structures 
of the products remain unknown. However, it is highly probable, at least when TF are 
not co-substrates, that most of this TR-like material is composed of fIavan-3-ol 
polymers. Such polymers may possess relatively simple, single inter-monomer C->C 
bonds, although it is also possible for flavan-3-ols to form dimeric structures with more 
complicated interflavanoid bonding, such as ether linkages, and/or multiple linkages.
It is important to distinguish between naturally formed TR in black tea and the model 
system derived TR-like material. The possibility exists for TR from black tea to 
include many different monomer units (e.g. C, EC, EGC, GC, ECG and EGCG) as 
well as certain flavan-3-ol transformation products (e.g. TF, TF-acids and 
theaflagallins).
The proanthocyanidins, or condensed tannins, are a well documented class of 
flavan-3-ol polymers (Laks, 1989; Porter, 1992). As the name suggests, a 
proanthocyanidin is a polyphenol that yields an anthocyanidin under hot acidic 
conditions. Two groups of substances are capable of this transformation, 
flavan-3,4-diols, which are generally referred to as leucoanthocyanidins (Thompson et 
al., 1972), and flavan-3-oI dimers and higher oligomers possessing acid labile 
inter-flavanoid linkages. The flavan-3,4-diols present in fresh tea leaf disappear 
completely during the fermentation process and need not be considered further. 
Flavan-3-ol polymers capable of yielding anthocyanidins in acidic conditions possess 
acid-labile C-4^C-8 or C-4->C-6 interflavanoid bonds. C-4->C-6 bonding is less 
common, but in conjunction with C-4—>C-8 bonding provides the possibility of 
branched proanthocyanidin polymers. Polymers of this nature, composed of simple 
catechins, are procyanidins, and yield cyanidin (3',4.-dihydroxy B-ring), while 
gallocatechin polymers are prodelphinidins and yield delphinidin (3’,4',5'-trihydroxy 
B-ring) on treatment with acid (figure 3.1). It was claimed by Brown et al. (1969) 
that the TR belonged to this group of compounds, a theorj  ^ later rebuked by Cattell 
and Nursten in 1975.
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Proanthocyanidins are found in a wide variety of plant materials, probably contributing 
to the plants’ protective mechanism by their functional ability to bind proteins (Butler, 
1989; Clausen et al, 1992). Many plants used for human consumption contain 
significant amounts of proanthocyanidins, yet their precise chemical identity and 
nutritional significance is often uncertain. Quantification of proanthocyanidins in plant 
material can be achieved by boiling the ground tissue, or a suitable extract, in a mineral 
acid solution (Bate-Smith, 1954). The resulting autoxidative depolymerisation of the 
proanthocyanidin yields the corresponding, intensely red, anthocyanidin(s), which are 
generally measured spectrophotometrically by their absorption at 550 nm. Bate-Smith 
(1954) also developed a paper chromatographic method of separation for the 
anthocyanidins produced.
This autoxidative procedure has seen several modifications; Swain and Hillis (1959) 
reported increased anthocyanidin yield if an alcoholic solvent used in conjunction 
with the mineral acid, w-butanol being preferred because its boiling point is above 
100 °C. More recently, it was reported that the reproducibility could be considerably 
improved by the addition of iron (III) salts to the reaction medium (Porter et a l, 1986), 
thus providing a better quantitative method.
The resolution and spectral characterisation now available with modem HPLC 
methods of analysis has led to paper chromatography becoming virtually obsolete. 
However, there has been little literature citing HPLC analysis of anthocyanidins 
produced by autoxidation of condensed tannins. This approach has been used to 
characterise the proanthocyanidins of coffee pulp (Clifford and Ramirez-Martinez, 
1991; De Colmenares et al, 1994).
This chapter describes the refinement of this chromatographic method by extending the 
analysis to monitor quantitatively other transformations induced simultaneously by 
Porter's reagents. The refined method is evaluated by application to four TR fractions, 
caffeine precipitatable TR (CTR), theafulvin (TFu), degraded TF (DTF) and a 
chromatographically resolvable, uncharacterised peak isolated fi-om black tea liquor.
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Figure 3.1 Reaction scheme for the acid -  induced depolymerisation of 
proanthocyanidins
OH OH
HO
H+
OH OHOHOH
OH
OH
OH
OHProanthocyanidin
OHOH
OHOH
OHOH
-2H Flavan-3-olCarbocation
OH
OM
HO
OH
Anthocyanidin
R = H, R' = OH: Cyanidin, C or EC residue as appropriate 
R = OH, R' “  OH: Delphinidin, GC or EGC residue as appropriate 
R = H, R' == H: Pelargonidin, afzelchin or epiafzelchin as appropriate
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3.2. MATERIALS AND METHODS
3.2.1. Materials
Cyanidin chloride, delphinidin chloride and pelargonidin chloride were obtained from 
Apin Chemicals Ltd (Abingdon, Oxon, UK). Quercetin, kaempferol, myricetin, 
quercetin-3-P-D-rutinoside (rutin), kaempferol-3-p-D-rutinoside, (+)-catechin (C), 
(-)-epicatechin (EC) and trifluoroacetic acid (TEA) were obtained from the Sigma 
Chemical Company Ltd (Poole, Dorset, UK). Analytical grade «-butanol, methanol, 
hydrochloric acid (HCl), and HPLC grade acetonitrile (ACN) were obtained from 
Fisons Ltd (Loughborough, Leicestershire, UK).
The (-)-epigallocatechingallate (EGCG) was isolated from green tea liquor using 
Sephadex LH-20 column chromatography as described by Robertson and Bendall 
(1983). A Lattakari Assam black tea (Importers Ltd, Guildford, UK) was used as the 
source of the CTR fraction (chapter 2, Powell et al, 1993), TFu fraction (Bailey et al, 
1992) and DTF fraction (chapter 2). A previously observed peak, which eluted at 
8'3 min and which had marked absorption in the range 370-450 nm, had been 
tentatively assigned as a TR. This peak (referred to as TR-8*3) and the 
theaflavin 3-monogallate (tf3g) were isolated using the HPLC method developed by 
Opie et a l (1990), but on a semi-preparative column (150 x 10 mm) with a 3 ml min-' 
flow rate. Procyanidin B2 was isolated from cider using Sephadex LH-20 column 
chromatography as described by Lea (1990) and compared with an authentic sample 
kindly supplied by Dr Andrew Lea of RSSL (Reading, UK). Analytical reversed phase 
HPLC revealed that these preparations were pure procyanidin dimer, although some 
9 % procyanidin B1 was also present in each case.
«-Butyl gallate (identity confirmed by NMR) was prepared by heating gallic acid in 
butanoliconc. HCl (95:5 v/v) on a boiling water bath for 1 hour.
3.2.2 Autoxidative depolymerisatioii (butanolic)
This procedure was based upon Porter's improved autoxidative procedure (Porter 
et al, 1986). The sample or standard was weighed into a test tube to which 3-0 ml 
of «-butanokconcentrated HCl (95:5 v/v) and 01 ml ferric reagent (2*0 g litre"' ferric 
ammonium sulphate* I2H2O in 2 M HCl) (Porter's reagents) wan?, added. The contents
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were mixed thoroughly and the tubes placed in a boiling water bath for 40 min. 
Unheated controls were prepared normally with 3*1 ml «-butanol replacing the reagent, 
although methanol was substituted to ensure a better peak shape with the more 
hydrophilic compounds. Calibration standards were prepared in «-butanol:cone HCl 
(95:5 v/v).
3.2.3 Autoxidative depolymerisation (methanolic)
Essentially as described above (section 3.2.2),but with methanol replacing butanol in 
the Porter's reagents. These assays were performed in a 25 ml round-bottomed flask, 
immersed in a boiling water bath and connected to a water condenser. Samples were 
refluxed for 40 min.
3.2.4 HPLC Analysis
The analytical HPLC was performed essentially as described in chapter 2 (section 
2.2.4.1),except that the conditions were as follows:
Injection volume: 
Mobile phase:
Gradient:
Flow rate:
50 pi
Solvent A: 2 ml litre"' aqueous TFA 
Solvent B: 2 ml TFA and 450 ml ACN litre"'
100 % solvent A to 100 % solvent B a 
linear gradient 30 min, followed by 100 % 
solvent B for 5 min 
10  ml min"'
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3.3 RESULTS AND DISCUSSION
3.3.1 Refining the analysis of the Porter's reagents-induced transformation 
products
Maintaining a low pH at all times is an important prerequisite for the efficient 
resolution of the anthocyanidins. In preliminary studies, the best resolution with good 
column life was obtained using aqueous TFA (2 ml litre"') in both HPLC solvents, 
which produced pH 2*0 in solvent A. Acetate (5 ml litre"' glacial acetic acid) and 
formate (5 ml litre"'), at pH 2*9 and 2*5, respectively, were markedly inferioi) 
presumably due to the higher pH values permitting partial resolution of the equilibrium 
mixture of protonated and non-protonated anthocyanidin species. Figure 3.2 shows 
the chromatograms, recorded at 380 and 530 nm, obtained by HPLC analysis of the 
standard solution of delphinidin, cyanidin, pelargonidin, quercetin and kaempferol, 
each at a concentration of 10*0 pg ml"'. The values for delphinidin, cyanidin and 
pelargonidin were 534, 527 and 516 nm, respectively, under these conditions. 
Accordingly, integration of all anthocyanidin peak areas was performed at 530 nm 
rather than 550 nm, which has generally been employed in the colourimetric procedure 
(Porter et al, 1986). Highly sensitive and linear calibration curves were obtained for 
delphinidin (y = -6*33 + 55*43x, r > 0*999), cyanidin (y = -0*91 + 51*93x, r > 0*999), 
pelargonidin (y = 3*15 + 41*3Ix, r > 0.999), quercetin (y = 3*28 + 33*80x, r > 0.998) 
and kaempferol (y = 6*40 + 36*96x, r > 0.998).
All assays were performed in butanolic reagent unless otherwise stated.
The procyanidin B2 yielded one major product, identified as cyanidin, but w an 
unexpectedly small yield in the range 5*9-7* 1 % (mean 6*6 %; n = 4) of the original 
weight. As one of the monomer units in a procyanidin is not converted to cyanidin the 
maximum theoretical yield should be 50 % of the dimer, and the observed yield is 
therefore only 13*2 % of theoretical. A factor of x7*6 is thus required to calculate the 
theoretical yield of cyanidin and accordingly a factor of xl5*2 has been adopted for 
calculating the original content of proanthocyanidin (as procyanidin dimer equivalents) 
in the TR. It was not possible to detect the released terminal EC residue because of its 
subsequent degradation as discussed below.
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3.3.1.1 Factors affecting pigment yield
The results from the current study confirm the consistent pigment yield which Porter et 
al (1986) reported for a range of proanthocyanidins  ^but it has not been possible to 
compare the yield efficiencies since their anthocyanidin yields were only quoted in 
absorption units at 550 nm. Porter et al. (1986) reported that^whereas light had little 
effect on pigment yield, the presence of water was influential, with 6 % v/v providing 
optimal pigment yield. This is achieved in Porter's standard method, as employed in 
the current study, by the water present in the HCl, and the samples in a dried form. 
The reason(s) for the reduced pigment yield in the current study was therefore 
investigated by monitoring the course of the transformation from procyanidin dimer to 
cyanidin in Porter's reagents. The dimer was refluxed in methanolic Porter's reagents 
for 30 min with aliquots being removed at 5 min intervals for analysis by HPLC. 
Methanol was preferred to butanol  ^because direct injection of the butanolic reagent 
appeared to affect the peak shape of relatively hydrophilic compounds such as the 
procyanidin and the flavan-3-ols. However, it must be appreciated that the methanolic 
and butanolic procedures can-not be directly compared, due to the lower temperature 
achieved by refiuxing methanol (» 65*5 °C) compared with butanol in a boiling water 
bath (« 98 °C). Integrations were performed at 280 nm to allow detection of the 
procyanidin, the cyanidin, other intermediates and aromatic, but non-pigmented, 
products associated with depolymerisation. Figure 3.3 shows the chromatogram, 
recorded at 280 nm, obtained fi-om the HPLC analysis of an aqueous solution of the 
procyanidin B2 standard.
In preliminary studies, it was observed that the area of the dimer peak had declined, 
while a peak, identified by co-chromatography of a commercial standard as EC, had 
been produced at time zero, i.e. before heating, indicating that depolymerisation of the 
dimer begins immediately on addition of the reagent. To observe these changes in the 
current study, the assay solution was allowed to stand for 1 hour at ambient conditions 
prior to refiuxing*, the chromatogram obtained by HPLC analysis of this solution is 
shown in figure 3.4,while the changes observed are depicted graphically in figure 3.5a.
These results clearly illustrate that the dimer depolymerises very rapidly in the acidic 
solution, at ambient temperatures. No colour development was observed and cyanidin 
was not detected prior to heating.
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Figure 3.3 HPLC analysis of the procyanidin B2 standard in methanol
A 280 nm
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Figure 3.4 HPLC analysis of the procyanidin B2 standard after 1 hour, at ambient 
temperature, in methanolic Porter's reagents
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82
Figure 3.5a Effect of methanolic Porter's reagents on procyanidin B2 maintained at 
ambient temperature for 60 min
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1600
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42 1200 *1Z 1000
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0
O  In aqueous solution
H I 60 min in methanolic Porter's 
reagenttat ambient temp.
Dimer EC Cyanidin
Figure 3.56 Effect of refiuxing procyanidin B2 in methanolic Porter's reagents after 
a 60 min stand at ambient temperature
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Four products were detected before the solution was heated (figure 3.4); two peaks 
(labelled X and Y in figure 3.4) appear to be intermediates in the pathway as they were 
observed to disappear during the subsequent reflux. A further two peaks were 
identified by co-chromatography with commercial standards as EC and C. Procyanidin 
B2 is an EC dimer (EC-(4|3->8)-EC), and it was therefore not surprising to observe 
EC as an early product; however  ^C was not expected and it was concluded that the C 
must arise fi'om acidtinduced isomérisation of EC. This was confirmed when EC 
standard was similarly refluxed with methanolic Porter's reagents and it was found 
that after 5 min « 28 % of the EC had been converted to C. It is interesting to note, 
however, that, as the current HPLC system can-not resolve a racemic mixture of 
(±)-catechin^it is not known whether the (-)-epicatechin isomerises at C-2 to produce 
(-)-catechin or whether it isomerises at C-3, to produce the more common 
(+)-catechin. Epimérisation at C-2 in basic or neutral solution is well established 
(Ferreira et a/., 1992); in fact, gram quantities of the comparatively rare 
(+)-epicatechin and (-)-catechin have been synthesized by treatment of (+)-catechin 
and (-)-epicatechin,respectively^ with a strongly basic solution (Foo and Porter, 1983). 
As far as the author is aware such an épimérisation has not previously been reported in 
acidic medium.
Figure 3.56 graphically presents the peak area data obtained from the HPLC analysis 
of the procyanidin assay solution during a 30 min reflux, following standing for 60 min 
at ambient conditions. The EC peak area is seen to reach a maximum before the 
solution is heated. During the first five minutes of heating, the EC peak area decreases 
rapidly, corresponding to an increase in the C peak area. Both EC and C peak areas 
decrease after 5 min, apparently degrading extensively into a range of quantitatively 
minor products.
Identification of the terminal flavan-3-ol residue by HPLC after acid-induced 
depolymerisation of proanthocyanidins is clearly not feasible. It was initially hoped 
that the terminal flavan-3-ol may be identifiable, if only by a characteristic pattern of 
degradation products; however, with the combined effects of épimérisation and 
degradation, induced by these assay conditions, such an identification is not possible.
Figure 3.6 shows the chromatogram, recorded at 280 nm, obtained by the HPLC 
analysis of the assay solution after the 30 min reflux. Three unidentified peaks are 
detected that increase in peak area through the course of the reflux and do not appear 
to reach a maximum during the 30 min. It is likely that these peaks are therefore
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products of the depolymerisation rather than intermediates, possibly due to the 
carbocation being diverted to acid rearrangement products other than cyanidin, or 
perhaps degradation products of cyanidin itself. Compared with the cyanidin pealgthey 
are quantitatively minor products, their combined contribution to the absorption at 280 
nm is only 3 % after the 30 min reflux. Unidentified yellow compounds have been 
observed from similar assays performed by other workers (Jurd and Somers, 1970). 
These workers provided spectral data to suggest they could include xanthylium salts.
Figure 3.6 HPLC analysis of the products resulting from refiuxing the procyanidin 
B2 standard in methanolic Porter's reagents for 30 min
A 280 nm
- 0 . 0 0 4 0  f c r r ^ ’'  
0 .0 0
Cy
II; 'v-N
1 4 . 0 0  2 1 . 0 0Retention time (min)
Further consideration of figure 3.6 reveals the presence of a large chromatographic 
hump that represents 84 % of the absorption of this solution at 280 nm, while cyanidin 
itself represents only 10 % of the absorption at 280 nm. This material could include 
phlobaphenes, which are side -  products have been reported from
proanthocyanidins after treatment with mineral acid (Swain and Hillis, 1959; Scalbert, 
1992). Phlobaphenes are reddish coloured, alcohol-soluble, water-insoluble phenolic 
polymers that may be unresolvable by reverse-phase HPLC. Their chemical 
composition is unknown and presumed to be very complex, possibly incorporating ring 
isomerised products involving protonation of the C-ring heteroatom followed by ring
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opening to form a 2-cai’benium ion that is then attacked by the 7-OH of the lower 
flavan-3-ol unit (Foo and Karchesy, 1989; Malan et al, 1992) (figure 3.7).
Figure 3.7 Possible side-product of acid-induced depolymerisation of procyanidin 
(phlobaphene) (Malan et al, 1992)
HO OH OHOH
OH
HO
OH
OH
Such transformations, that yield products other than anthocyanidins, from procyanidin 
material, must, in part, be responsible for the lower than theoretical yields of pigment 
observed in this study, and by many previous researchers (25 %, Swain and Hillis, 
1959; 25-30 %, Thompson et al, 1972; 58 %, Porter et al, 1986). It is clear that 
there is still scope for improvement in the quantitative deteimination of 
proanthocyanidins by current methods that employ acid depolymerisation. It is hoped 
the use of the correction factor, as calculated above, will help to accommodate these 
imperfect yields in the present work, and produce more authentic values for the 
original proanthocyanidin content.
3.3.1.2 Detection of transformation products from non-proanthocyanidin 
material
Although gallic acid, caffeic acid, 5-caffeoylquinic acid and p-coumaiic acid were 
examined conventionally using the butanolic Porter's reagents the unheated controls 
were prepared in methanol. Caffeic, p-coumaric and gallic acids each yielded a major, 
more hydrophobic product with a retention time of 2 9 ± 0-7 relative to the free acid, 
that was assumed to be the corresponding butyl ester. When 5-CQA was similarly 
treated, four peaks (A-D) were produced. Peak C (RRT = 19), being the major 
product, was presumably the butyl ester of 5-CQA. Peak D, in moderate yield.
8 6
corresponded to the major product obtained from caffeic acid, suggesting that such 
caffeoylquinic acids are readily transesterified. By applying Porter's reagents to a 
solution of 5-CQA which had previously been isomerised with tétraméthylammonium 
hydroxide (TMAH) (Clifford et al, 1989a),the minor peaks A and B were identified as 
the butyl esters of 3-CQA and 4-CQA, respectively, produced by acid-catalysed 
isomérisation during treatment with Porter's reagents.
Treatment of EGCG and tf3g with Porter's reagents produced a peak that co­
chromatographed with «-butyl gallate, implying transestérification of the galloyl 
groups. By treating a range of gallic acid standards with Porter's reagents and 
analysing the products by HPLC, with detection at 280 nm, a linear calibration curve 
was obtained for «-butyl gallate (y = 2*16 + 5*7Ix, r > 0.999). The yields of «-butyl 
gallate from EGCG and tf3g were 310 % and 30*4 % of theoretical, respectively and a 
correction factor of x3 26 was therefore adopted when estimating the original content 
of galloyl ester in the TR.
Rutin and kaempferol-3 -P-D-rutinoside were converted efficiently to the corresponding 
aglycon^ kaempferol and quercetin, and, as expected, none yielded pigments detectable 
at 530 nm.
3.3.2 Characterisation of thearubigins
Previous workers (Brown et al, 1969; Cattell and Nursten, 1976) had reported that 
the TR are positive with Porter's reagents, suggesting that TR material does contain 
acid-labile interflavanoid linkages. However, Cattell and Nursten obtained such low 
yields of anthocyanidin that classification of the TR as proanthocyanidins was 
questioned. Four TR fractions, CTR (chapter 2; Powell et al, 1993), TFu (chapter 2; 
Bailey et al, 1992), DTF (chapter 2) and a chromatographically sharp peak slightly 
contaminated with unresolvable hump (TR-8*3) have been subjected to the revised 
procedure developed during the present study and described above. Table 3.1 
summarises the quantitative data obtained for these four fi’eeze-dried samples 
compared with the decaffeinated liquor solids from which they were isolated.
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3.3.2.1 Products detected at 530 nm
Figure 3.8 shows the chromatograms, recorded at 530 nm, obtained from the HPLC 
analysis of the products from the autoxidative depolymerisation of the CTR fraction 
superimposed upon the control for this sample. Three clearly resolved peaks are 
apparent and their identity confirmed as delphinidin, cyanidin and pelargonidin by co­
chromatography and spectral matching with commercial standards. Using the 
conversion factor of x 15*2 as discussed above indicates an original proanthocyanidin 
content (as procyanidin dimer equivalents) in the range 167-200 g kg“  ^d.b.
The TFu fraction yielded pigment equivalent to 94*2-111*5 g kg-  ^proanthocyanidin (as 
procyanidin dimer equivalents). A similar ratio of the three anthocyanidins was again 
observed, but with a slightly larger percentage of delphinidin relative to cyanidin and 
pelargonidin.
The TR-8'3 fraction produced a weak red colour in the assay corresponding to 
15*2 g kg~^  proanthocyanidin (as procyanidin dimer equivalents). The same three 
anthocyanidins were detected in ratios similar to those observed with CTR.
Figure 3.8 HPLC analysis of the products resulting from treating the CTR with 
Porter's reagents, superimposed upon the control for this sample
o . m s  ^
A 530 nm
Cy
Control
“1--------
Retention time (min)
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The DTF fraction yielded only a trace of cyanidin, suggesting the TR-like material 
formed during degradation of the TF does not possess acid labile interflavanoid bonds. 
The TF themselves also fail to form anthocyanidins under the conditions of this assay.
The proanthocyanidin contents (as procyanidin dimer equivalents) obtained for the 
CTR and the TFu in the current study fall between those of Brown et al, (1969), who 
reported » 20 % proanthocyanidins in several heterogeneous TR fractions obtained 
from black tea liquor, and that of Cattel and Nursten (1976), who reported 
considerably less (« 2 %). Howeveij several structural features are known to affect the 
yield of anthocyanidins. For example, the C-4P-^C-8 linkages are more easily cleaved 
than C-4P^C-6 linkages and proanthocyanidins with upper units having a 2,3-cis 
configuration will be converted to anthocyanidins faster than their 2,3-trans analogues 
(Scalbert, 1992). TR isolates may possess structural differences, resulting fi’om 
different methods of isolation and/or different sources (e.g. clone of tea), and this may 
account for the differences in pigment yield observed by different workers.
It is interesting to speculate whether these pigments are released from:
1) conventional proanthocyanidins in fi-esh tea leaf which have survived
fermentation and appear in the TR as a contaminant;
2) conventional proanthocyanidins formed during fermentation and which
appear in the TR as a contaminant; or
3) novel products of fermentation.
Pelargonidin has not previously been reported in the pigments produced from TR, 
green or black tea proanthocyanidins. Indeed, propelargonidins and the associated 
monomers, (epi)afzelchin, are relatively rare (Porter, 1988), although there are reports 
of (-)-epiafzelchin in fi-esh tea leaf (Wanyoko, 1980; Hashimoto et al,, 1989a) and 
black tea liquor (Myers et al,, 1959), (-)-epiafzelcliin 3-gallate in fresh leaf 
(Hashimoto et aL, 1989a) and oolong tea (Hashimoto et al., 1987) and the 
(“)-epiafzelchin 3-gallate-(4a—>8)-EGCG dimer in oolong tea (Hashimoto et al., 
19896). This dimer would be expected to yield pelargonidin following treatment with 
Porter's reagents.
The cyanidin-delphinidin ratios obtained in the current study (CTR « 5:1; TFu « 3:1; 
TR-8'3 % 2:1) are not inconsistent with the ratio (» 3:1) reported by Cattell and 
Nursten (1976). These ratios suggest that simple catechins predominate in the
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proanthocyanidin material despite the predominance of gallocatechins amongst the 
components of fresh tea leaf. One theory to explain this apparent inconsistency, 
supported by both Brown et ah (1969) and Cattell and Nursten (1976), involves the 
greater reactivity of 3',4',5-trihydroxy flavan-3-ols at position C-2', which may lead to 
the formation of non-hydrolysable C-2'->C-2' or C-2’->C-6' bonds in addition to the 
acid labile C-4-»C-6 and C-4^C-8 bonds. Upper units (as conventionally drawn, see 
figure 3.1) linked by acid-labile C-4->C-6 or C-4^C-8 bonds are therefore more likely 
to be the 3',4'-dihydroxy derivatives, which form non-hydrolysable bonds at C-2' less 
readily, hence more often yielding cyanidin.
Twenty-four proanthocyanidins have been reported from fresh, green and oolong tea 
leaf (table 3.2) and these could account for the anthocyanidins released from the TR. 
In this regard, it is interesting to note that the analysis of decaffeinated infusions of a 
limited number of both green and black teas suggests contents in the range 10-17 g kg-i 
proanthocyanidins (as procyanidin dimer equivalents, fresh leaf basis) with cyanidin- 
delphinidin ratios in the range 2-3:1, which are similar to those reported for the TR 
fractions. The corresponding cyanidin-pelargonidin ratios, » 7-9:1, are somewhat 
smaller than those for the CTR and theafiilvin fractions (« 19:1 and » 25:1, 
respectively).
The contents of total unresolvable TR and CTR in the Lattakari Assam black tea have 
been estimated in the ranges 172-206 g kg~^  and 12-14 g k^^ respectively (chapter 5; 
Powell et ah, 1993). Using these figures to recalculate the proanthocyanidin contents 
(as procyanidin dimer equivalents) of the TFu and CTR fractions on a black tea basis 
gives extreme values of 14-18 g kg~i and 1-8-2'5 g kg-  ^ respectively, suggesting that 
the proanthocyanidins in the TR may represent contamination with pre-existing fresh 
leaf components. However, it is not possible to exclude unequivocally the formation 
of either conventional or novel proanthocyanidins during fermentation, and in this 
regard it is interesting to note that a greater range of proanthocyanidins has been 
isolated from semi-fermented oolong tea compared to fresh tea leaf and unfermented 
green tea (table 3.2).
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Table 3.2 Proanthocyanidins identified in green and oolong tea
Proanthocyanidin Trivial name Fresh
tea
Green
tea
Oolong
tea
EC-(4j3^8)-EC procyanidin B2 a e 6
EC-(4P^8)-EC-
(4|3-^8)-EC procyanidin Cl a e,d
EC-(4j3->8)-ECG procyanidin B2 3-gallate c,d
EC-(4(3^8)-EGCG 6
ECG-(4P->8)-ECG procyanidin B2 3,3'-digallate c,d 6
ECG-(4p-^8)-EGCG 6
EGC-(4p-»8)-ECG e,d 6
EGC-(4p^8)-EGCG prodelphinidin B2 3-gallate c,d 6
EGCG-(4p-^8)-ECG 6
EGCG-(4P^8)-EGC prodelphinidin B2 3-gallate 6
EGCG-(4P^8)-EGCG prodelphinidin B2 3,3'-digallate 6
C-(4cx—^8)-C procyanidin B3 a 6
C-(4a->8)-EC procyanidin B4 a e 6
C-(4a-^8)-ECG c 4
C-(4a->8)-EGC a 6
C-(4a->8)-EGCG 6
GC-(4a->8)-EC a 6
GC-(4a->8)-EGC prodelphinidin B4 a 6
GC-(4a-^8)-EGCG prodelphinidin B4 3'-gallate 6
ECG-(4P^6)-ECG procyanidin B5 3,3'-digallate 6
ECG-(4P^6)-EGCG 6
EGCG-(4p^6)-ECG 6
EGCG-(4p-^6)-EGCG prodelphinidin B5 3,3-digallate 6
epiafzelchin gallate-
(4P^6) ECGC 6
a Hashimoto et ah, 1989a; b Hashimoto et ah, 19896; c Nonaka et a/., 1983; 
c/Porter, 1988; e Nonaka e/a/., 1984
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3.3.2.Z Products detected at 380 nm
The TFu fraction produced only traces of material detectable at 380 nm, confirming 
the observation of Bailey et al (1992) that it is essentially free from FG. Quercetin 
and kaempferol were released from the CTR (see figure 3.9), but myricetin could not 
be detected.
Figure 3.9 HPLC analysis of the products resulting from treating the CTR with 
Porter's reagents, superimposed upon the control for this sample
0 .0 3 9 6
0 .0 2 9 2
A 380 nm Control
Test
0 .0 0 8 4
- 0 . 0 0 2 0
3 5 . 0 02 1 . 0 07 . 0 0 1 4 . 0 0
Retention time (min)
Further inspection of Figure 3.9 reveals that a chromatographically unresolvable hump 
survives the 40 min treatment with Porter's reagents, although it elutes later than that 
present in the control and thus appears to be more hydrophobic. Two possible 
explanations, which are not mutually exclusive, present themselves:
1) the transformation of certain condensed tannins to anthocyanidins and 
the simultaneous removal of sugar residues from certain FG, despite the
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removal of galloyl groups, has left the remaining unresolvable material 
less hydrophilic; and/or
2) any carboxyl residues in the unresolvable material, whether pre-existing 
or formed during treatment with Porter's reagents, have been 
transformed to relatively hydrophobic butyl esters. Such an effect was 
observed with gallic acid, p-coumaric acid, cafieic acid and 5- 
caffeoylquinic acid as discussed earlier in the chapter.
A series of Porter's assays were subsequently performed whereby TFu was refluxed in 
either methanolic, ethanolic, propanolic or butanolic reagent for 40 min and the 
products chromatographed. The apex of the hump was found to be eluting 
progressively later in the profile in relation to the increasing aliphatic chain length of 
the solvent. This provides evidence in favour of solvent molecules being incorporated 
into the unresolvable complex and being responsible for the observed shift to a more 
hydrophobic nature observed in these chromatograms. It is probable that carboxyl 
groups would form ester linkages with alcoholic solvents under these conditions; 
however, it does not categorically prove the presence of carboxyl groups, as ether 
formation with hydroxyl groups in the TR complex is another possibility that can-not 
be ruled out.
Treatment of the TR-8*3 fraction produced three small peaks detectable at 380 nm. 
The largest peak was initially thought to be quercetin due to its retention time, but 
subsequent spectral analysis proved this not to be the case. This peak absorbed more 
strongly near 280 nm than is the case with flavonols and so these transformation 
products were investigated more fully on chromatograms recorded at this wavelength, 
as described below.
3.3.2.3 Products detected at 280 nm
Figure 3.10 shows the chromatogram, recorded at 280 nm, obtained from the HPLC 
analysis of the products resulting from treatment of the TR-8‘3 fraction with Porter's 
reagents. The major peaks detected corresponded to those produced by the equivalent 
treatment of 5-CQA, and 5-CQA after TMAH-induced isomérisation. Peaks A, B, C 
and D were, respectively, the butyl esters of 3-CQA, 4-CQA, 5-CQA and caffeic acid. 
Moreovei; by co-chromatography it was established that untreated TR-8‘3 and 5-CQA
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could not be resolved in this chromatographic system. Accordingly it is concluded that 
the TR-8'3 fraction consists primarily of 5-CQA and not a novel product of 
fermentation.
Figure 3.10 HPLC analysis of the products resulting from treating TR-8'3 with 
Porter's reagents
A 280 nm
2 1 . QO7 . 0 0 1 4 . 0 0Retention time (min)
The chromatograms, recorded at 280 nm, obtained by HPLC analysis of the treated 
unresolvable TR fractions (CTR and TFu), both contained peaks which by spectral 
matching and spiking were assigned to w-butyl gallate. Using the calibration curve and 
correction factor for the yield of «-butyl gallate, as previously discussed, the original 
galloyl ester contents of the CTR and TFu fractions were estimated at 62-86 g kg~^  
and 59-83 g kgrj, respectively. Some of the «-butyl gallate may be derived from 
proanthocyanidin gallates. For a procyanidin dimer digallate  ^the galloyl:flavan-3-ol 
ratio would be in the range 0'56-0'58:l, whereas for a procyanidin dimer monogallate 
the ratio would be 0*28-0'29:1. The observed mean values for CTR and TFu were 
0*41:1 and 0*68:Irrespectively. These values indicate that there would be sufficient 
galloyl groups to saturate the estimated content of dimeric proanthocyanidins in the 
CTR and TFu fractions if the proanthocyanidin dimer monogallates are dominant. It
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would appear therefore that there may be little galloyl ester associated with the 
uncharacterised components of these two TR fractions.
Brown et al. (1969) reported a gallic acid yield of between 20-40 g kg~^  from isolated 
TR fractions, while Cattell and Nursten (1976) reported 15-35 g kg“k The values, 
obtained in this study, for the CTR and TFu fractions are slightly higher than both 
previously reported values, but still not as high as the 250 g kg"  ^yield that would be 
estimated from the percentage of flavan-3-ol gallates amongst the TR precursors in 
fresh tea leaf (Cattell and Nursten, 1976). The observed occurrence of degallation 
during fermentation (Coggon et al, 1973) was suggested as an explanation for this 
anomaly. Such an explanation may be valid for the CTR and TFu fractions^but can-not 
account for the even lower yield of «-butyl gallate released from the DTF fraction 
(32 g k ^ i) for which further consideration is warranted.
The DTF material is not a product of fermentation, i.e. is TR-like material rather than 
genuine TR material, isolated from tea liquor. Furthermore the precursors to the 
unresolvable DTF are known to be principally galloyl derivatives of tf and flavan-3-ols, 
as this fraction was derived from storage of an aqueous solution of the caffeine 
precipitatable material from a TF-rich (ethyl acetate-soluble) fraction. Both ethyl 
acetate partitioning and caffeine precipitation tend to extract material of a hydrophobic 
nature, and this principally includes the galloyl derivatives. Indeed HPLC analysis of 
this extract prior to storage (figure 2.56) reveals that tfdg predominates. Also, with 
detection at 280 nm, it was confirmed that flavan-3-ol gallates, which had survived 
fermentation, had also been concentrated in this fraction by the extraction procedure. 
It was determined by HPLC that gallic acid was not released, i.e. there was no 
observed increase in free gallic acid, during the transformation of these phenolic galloyl 
derivatives, into the unresolvable DTF material, during storage at 37 °C. Therefore 
the galloyl groups must have been incorporated into the hump material. That very 
little «-butyl gallate is subsequently released when treated with Porter's reagents 
suggests that the galloyl groups have been incorporated into the hump material by a 
form of bonding different to, or in addition to, the hydrolysable ester linkages.
Some of the other peaks absorbing at 280 nm corresponded to products from the 
Porter's reagents-induced degradation of C, EC and EGCG. However, due to the 
complexity of the products, it was not possible to deduce which flavan-3-ols were 
degrading.
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3.4 CONCLUDING REMARKS
The lower than expected yields of w-butyl gallate obtained from these TR fractions 
raise a question regarding the fate of galloyl groups during the formation of TR, or 
TR-like, material. The occurrence of degallation clearly can-not be used to explain 
this observation with regard to the DTF material. It must be stressed that the DTF 
material has not been formed during tea fermentation, and the mechanisms involved in 
its formation may not resemble that of genuine TR material formed enzymically during 
tea fermentation. The composition of the DTF material is, however, of importance with 
regard to the production of TR-like material observed during the deterioration of black 
tea leaf/liquor quality on storage (Roberts and Smith, 1963; Stagg, 1974; Roberts et 
al, 1981).
One possible fate for the galloyl ester could involve the formation of inter-aryl bonds 
involving positions C-2" and C-6" (figure 3.11a), such as occur in the formation of 
ellagic acid (figure 3.116). A purified ellagitannin was not available at this stage in the 
study; however, an ellagic acid standard was treated with Porter's reagents. This failed 
to yield any products, but, since the dilactone may be less easily transesterified than an 
ellagoyl ester, the presence of ellagoyl ester in the TR could not be eliminated by this 
negative response. Similar bonding could also occur between the C-2"/C-6" of galloyl 
groups and the C-2'/C-6' of a fiavan-3-ol B-ring. Such bonding would not be acid 
labile and could hold galloyl groups more firmly in the TR complex, there\^ 
preventing their release under acidic conditions.
Figure 3.11a Galloyl group Figure 3.116 Ellagic acid
OH
OH
The formation of the TF-acids is a recognised reaction (Berkowitz et aL, 1971) 
involving the formation of a benztropolone derivative from a 3',4'-dihydroxy B-ring 
and the 3",4",5"-trihydroxy ring of gallic acid. An oxidative condensation reaction such 
as this would require the preliminary formation of o-quinones. The lower than 
theoretical yield of n-butyl gallate from TR and TR-like material in this study could be 
explained if the tiihydroxy ring of a galloyl group also formed benztropolone 
derivatives with dihydroxy B-rings. Oligomers and polymers could therefore build up 
from galloyl derivatives of tf and particularly galloyl derivatives of flavan-3-ols, which 
possess both a galloyl group and a dihydroxy B-ring. An ECG "dimer", involving 
oxidative condensation between a galloyl group and a dihydroxy B-ring, was recently 
postulated from the mass spectral data obtained from the oxidation products of ECG in 
a model system (Bailey et aL, 1993) (figure 3.12).
Figure 3.12 Possible ECG oxidation product resulting from intermolecular 
condensation of the 3’4’-dihydroxy B-ring and the 3",4",5"-trihydroxy galloyl ring 
(Bailey et aL, 1993)
OH
OH
HO.
OHOH
HO.
OH
OH
OH OH
OH
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The inability of the method developed during the current study to identify the terminal 
flavan-3-ol residue from the acid induced degradation of oligomeric proanthocyanidins 
was a disappointment. Cleavage of acid-labile interflavanoid bonds can also be 
achieved using toluene-a-thiol and acetic acid (Thompson et al,, 1972). The toluene- 
a-thiol acts as a monomer catching agent, producing a thioether with the carbonium 
ion, thus pre-empting its degradation to anthocyanidin. The terminal flavan-3-ol 
residue is again released unchanged. More recently, phloroglucinol has been employed 
as a monomer catching agent, followed by HPLC analysis (Ricardo Da Silva et aL, 
1991; Koupai-Abyazani, 1992). These methods both employed milder acidic 
conditions for the preliminary depolymersation (SOg (Ricardo Da Silva et al, 1991) 
and 1-0 % HCl at ambient temperatures (Koupai-Abyazani, 1992)), which, it was 
claimed, allowed identification of the terminal flavan-3-ol residue.
From the accumulated evidence it was apparent that the TR-8-3 fraction consisted 
predominantly (> 90 %) of 5-caffeoylquinic acid and this was confirmed by co­
chromatography. Although the proton NMR spectmm of this fraction was complex, 
due to the presence of the contaminating hump, it was also possible to detect and with 
hindsight assign signals such as /ra/w-vinyl protons (J = 16 Hz), characteristic of 
cinnamic acids and 5-CQA (Clifford et al, 1989a). Several chlorogenic acids, 
including 5-CQA, have previously been reported in both green and black tea (Millin, 
1987; Lunder, 1989; Bailey et aL, 1990), but such an interpretation would not have 
been possible using only the complex NMR data and the weak colour production 
obtained with Porter's reagents used conventionally.
Similar examination at three wavelengths of the products obtained from the 
unresolvable TR with Porter's reagents indicates clearly that there are significant 
amounts of proanthocyanidins and galloyl ester, and small amounts of FG, in both the 
CTR and TFu preparations. Summing the mean contents of proanthocyanidins (as 
procyanidin dimer equivalents), galloyl ester, FG and, as appropriate "protein" (see 
section 2.4) for both CTR and TFu indicates that some 74 % and 82 %, respectively, 
remains uncharacterised.
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CHAPTER 4
CHARACTERISATION
OF
THEACITRINS
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4.1 INTRODUCTION
The identification and isolation of three novel yellow pigments from black tea liquor 
was described in chapter 2 (see also Powell et al,, 1994a). Preliminary spectral 
analysis of these isolates suggested that they may be structurally related to each other. 
The name theacitrins (TC) is proposed for these compounds derived from the Greek 
6sa (strictly goddess, but adopted in English to refer to tea) Kizpivos (yellow). To 
differentiate between the three compounds they will be referred to as TC-6*4, TC-7-3 
and TC-9-4 (peaks 1, 2 and 5^ respectively, on black tea liquor HPLC chromatograms, 
figure 2 .1), according to their retention times under these chromatographic conditions.
Roberts initially defined TR as "all the brown pigments with acidic properties 
extractable fi’om black tea" (Roberts, 1958a). More recently, Millin (1987) defined TR 
as "uncharacterised coloured oxidation products". By these definitions the recently 
isolated TC can be classed as resolvable TR. As pointed out by Opie (1992), advances 
in our understanding of the origin of the TR and their heterogeneity, largely due to the 
diversity of precursors (see chapter 1), has rendered the current definition inadequate. 
Such definitions of heterogeneous fractions inevitably become outdated, much as the 
very early definitions of "tea tannin", which encompassed all the polyphenolic material 
of black tea was superseded by various characterised components (flavan-3-ols, TF, 
FG, etc) and the uncharacterised TR complex. It is probable that the definition TR will 
follow a similar path as various structures are elucidated from this clearly 
heterogeneous fraction.
The three isolated TC have been analysed by mass spectrometry (MS), ultra­
violet/visible (UV-Vis) spectrophotometry, infra-red (IR) spectrophotometry, proton 
nuclear magnetic resonance (^H NMR) spectrometry, Porter’s assay for 
proanthocyanidins and have been subjected to gallate esterase activity. The three 
isolates are virtually homogei&us unlike previous TR isolates (CTR, Powell et al,, 
1993; TFu, Bailey et al,, 1992) and results from such structural determinations should 
be less complicated. All of the individual techniques mentioned above can provide 
valuable information with regard to structural features of the isolate under 
investigation, but only by utilising the information gained fi'om combinations of the 
above techniques can attempts be made at assigning plausible structures.
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4.2 MATERIALS AND METHODS
4.2.1 Materials
TC-6'4, TC-7'3 and TC-9-4 were originally isolated from a Lattakari Assam black tea 
(chapter 2; Powell et al, 1994a). A subsequent screening of various black tea 
varieties suggested that, whereas the Assam tea was a comparatively good source of 
TC, a Kenya black tea (Importers Ltd, Guildford, Surrey) provided a richer source and 
was used for subsequent preparative work.
A gallate esterase preparation was kindly supplied by ISP (Europe), Guildford, UK.
All solvents were obtained from Fisons Ltd (Loughborough, Leicestershire, UK) and 
were of analytical grade, except for the acetonitrile which was of HPLC grade. All 
other chemicals were standard laboratory reagents.
4.2.2 Methods and instrumentation
4.2.2.1 HPLC analysis/UV-Vis spectrophotometry
Analytical HPLC was performed as described in chapter 2 (section 2.2.4.1). Use of 
the forward optical scanning detector allowed UV-Vis spectra to be obtained for the 
pure TC, although two separate runs were required to obtain spectra in both the UV 
(250-365 nm) and Vis (370-550 nm) regions.
4.2.2.2 Infra-red spectrophotometry
IR spectra were obtained from a Perkin Elmer system 2000 Fourier-transform IR 
spectrometer. Samples were recorded as KBr discs between 4,000 and 400 cm“i-
4.2.2.3 Mass spectrometry
Mass spectra were obtained from a VG Quattro Triple Quadrupole GC/LC-MS (VG 
Biotech, Altrincham, UK). However, as samples with a high degree of purity had been
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obtained they were injected directly into the Electrospray interface employing the 
following operating parameters:
Solvent:
Sample concentration: 
Flow rate:
10 ml acetic acid and 500 ml ACN litre"  ^
10 pg ml“^
10  111 m in -i
Ion source (positive4on mode):
Cone voltage: 
Capillary potential: 
High voltage lens: 
Temperature:
Variable between 40-120V 
3-5 kV 
0-8 kV 
70 °C
Ion source (negative-ion mode) :
Cone voltage: 
Capillary potential: 
High voltage lens: 
Temperature:
Variable between 40-120 V 
2-0 kV 
0-5 kV 
70 °C
4.2.2.4 Nuclear magnetic resonance spectrometry
Proton (^H) NMR was performed on a Bruker AC-300E pulse Fourier-transform NMR 
spectrometer, operating at 300 MHz.
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4.3 RESULTS AND DISCUSSION
4.3.1 HPLC Analysis/UV-Vis spectrophotometry
The purity of the isolates was determined at 91*5 %, 82*8 % and 88*0 %, for TC-6-4, 
TC-7'3 and TC-9*4, respectively, by analytical HPLC with detection at 280 nm. In all 
cases, contamination was usually due to a small amount of underlying hump material.
Generation of UV-Vis absorption spectra is rapid and can be performed with relative 
ease. In terms of structure elucidation, UV-Vis spectra are of limited value; however, 
they are very useful for general characteristics. The TC spectra were found to possess 
a marked similarity to the TF spectra, particularly in the UV region (figure 4.1; for Vis 
spectra, see figure 2 .2), suggesting that the TC may be structurally related to the TF. 
However, the TC do not possess the secondary absorption maximum in the visible 
region, around 460 nm, which is characteristic of the TF, suggesting the absence, or 
modification, of a benztropolone element.
Further analysis of UV-Vis spectra revealed that, for the TF, the ratio of the absorption 
at 280 nm and 360 nm may be a useful diagnostic tool for the number of galloyl groups 
present. Indeed, it was on the basis of a similar spectral analysis that Roberts first 
began to suspect that the difference between his two TF isolates was due to the 
presence of galloyl groups (Roberts and Williams, 1958). Gallic acid possesses an 
absorption maximum at about 275 nm, tailing to around 340 nm. The introduction of 
galloyl groups to a pigmented polyphenolic molecule results in an intensification of the 
absorption near 280 nm without affecting the absorption above 360 nm. Table 4.1 
presents the 360 nm/%80 nm absorption ratios calculated for the TF and the TC. 
Since it can be demonstrated that all three TC possess galloyl groups (section 4.3,3),it 
is suggested that TC-6-4 and TC-7-3 are monogalloyl derivatives while TC-9-4 may be 
a digalloyl derivative, assuming they possess a common skeleton.
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Figure 4.1a UV absorption spectrum (250-365 nm) of tf3g
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Figure 4.16 UV absorption spectrum (250-365 nm) of TC-6'4
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Table 4.1 360 nm/280 nm absorption ratios for the TF and the TC
Polyphenolic pigment ^  360 nm ! ^  280 nm
Theaflavin 0-35
Theaflavin-3-monogallate 0-27
Theaflavin-3' -monogallate 0-27
Theafiavin-3,3'-digaHate 0-21
TC-6-4 0-18
TC-7-3 0-18
TC-9-4 0-12
4.3.2 Infra-red spectrophotometry
IR absorption spectra were obtained for TC-6-4, TC-7-3 and TC-9-4 as KBr discs 
(figure 4.2a-c). All three spectra are remarkably similar and provide further evidence 
that all three isolates are structurally related. For comparison, IR spectra were also 
obtained for tf and theaflavic acid as KBr discs (figure 4.2d and 4.2e). The data 
obtained are summarised in table 4.2.
A very broad band at « 3400 cm~^  is attributable to hydroxyl groups and as expected is 
present in all five spectra. The IR spectrum of tf also possesses a band characteristic 
of tropolone carbonyl groups (1630 cm~0 (Pauson, 1955; Bryce et aL, 1970; Collier et 
aL, 1973). This band is also common to the three TC, indicating the presence of a 
tropolone group. The carbonyl band resulting from carboxylic acid groupings in 
TF-acids reportedly absorbs at 1700 cm“  ^ (Coxon et aL, 1970). As expected, a band 
assignable to a carboxyl carbonyl group is observed theaflavic acid, but is absent 
from the tf spectrum. A similar band is also observed in aU three TC spectra, which 
could be indicative of a carboxylic acid group attached to the tropolone structure, 
exactly as in theaflavic acid. However, care must be taken in making such an 
assignment,because (galloyl) ester carbonyl groups, which are known to be present in 
the TC (section 4.3.3) also produce characteristic bands at 1698-1700 cm~i (Bryce et 
aL, 1970; Collier et aL, 1973). Comparison of the intensities of the tropolone carbonyl
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band and the ester carbonyl band should give an indication with regard to the relative 
number of galloyl groups present in the molecule. The results of such comparisons for 
TC-6'4 and TC-9*4 are consistent with previous results and provide fiirther evidence 
that these two species represent a monogalloyl derivative and a digalloyl derivative 
respectively. However, on this basis, TC-7'3 also resembles a digalloyl derivative  ^
which is not consistent with the interpretation of previous results.
The hydroxyl frequency associated with a carboxylic acid group is lower than the 
frequency associated with alcohols due to the existence of a polar resonance form of 
the carboxylic acid group. In IR structural correlation tables such hydroxyls produce 
broad signals between 2650 and 3000 cm~  ^ However, a comparison of the IR spectra 
produced from theaflavic acid, which is known to possess a hydroxyl associated with a 
carboxyl group, and tf, reveals no significant difference in this area of the spectra. It is 
possible that the band associated with free hydroxyls, which is extremely broad in all 
the spectra obtained, may be masking bands attributable to hydroxyls associated with 
carboxyl groups. Certainly there is no obvious evidence for additional absorption 
bands in this region of the spectra obtained for the TC compared with tf.
Figure 4.2a IR absorption spectrum of TC-6-4 (400-4000 cm“ )^ as KBr disc
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Figure 4,2b IR absorption spectrum of TC-7*3 (400-4000 cm“ )^ as KBr dise
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Figure 4.2c IR absorption spectrum of TC-9-4 (400-4000 cm“ )^ as KBr dise
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Figure 4,2</ IR absorption spectrum of tf (400-4000 cm~^ ) as KBr dise
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Figure 4.2e IR absorption spectrum of theaflavic acid (400-4000 cm~i) as KBr dise
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According to Collier et al. (1973), absorption bands in the IR spectrum of tf at 1475, 
1430 and 1230-1250 cm~^  are attributable to benztropolone ring deformations. These 
three bands are also present in the IR spectrum obtained from tf in this study, but are 
not apparent in the spectra obtained from the three TC. This provides further evidence 
to suggest that, while TC retain a tropolone structure, it is not a dihydroxybenz- 
tropolone as found in the TF.
Probably the most noticeable difference between the IR spectra of the three TC and tf 
is the occurrence of a strong band at 1385 cm-\ from all three TC. It has not been 
possible to assign responsibility for this band to a particular functional group, but it is 
possible that it may represent a skeletal frequency, i.e. vibrations of the molecule as a 
whole, rather than due to an individual fimctional group. The pattern in this region of 
an IR spectrum (< 1500 cm"^ ) is often referred to as the fingerprint region.
4.3.3 Effect of gallate esterase
The three isolated TC were incubated in an aqueous solution, containing gallate 
esterase, for 48 hours at ambient temperature and protected from light. The resulting 
solutions were analysed by reverse-phase HPLC with detection at 365 nm to monitor 
the pigments, and 280 nm to monitor gallic acid. The major product from the 
incubation of TC-6-4 with gallate esterase (figure 4.3) was identified by 
co-chromatography with a commercial standard as gallic acid, providing conclusive 
evidence that TC-6-4 possesses at least one galloyl group. The peak at 5-2 min is the 
major pigmented product and will be referred to as TC-5-2. The UV spectrum of 
TC-5'2 (figure 4.5) is rather different from the spectrum of TC-6-4 with the absorption 
at 280 nm reduced considerably more than would be predicted simply by the loss of a 
galloyl group. This could indicate that the degallated species has undergone further 
chemical change in addition to, or as a result of, degallation.
The HPLC analysis of TC-9-4, after incubation with gallate esterase (figure 4.4), also 
produced a large gallic acid peak, together with TC-5-2 and TC-6-4, providing strong 
evidence that TC-9-4 differs from TC-6-4 by virtue only of additional galloyl groups. 
Since no other pigmented intermediate was observed, one may infer that TC-9-4 
contains only one additional galloyl group.
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Figure 4.3a HPLC analysis of the solution resulting from the incubation of TC-6-4 
with gallate esterase, monitored at 280 nm
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Figure 4.36 HPLC analysis of the solution resulting from the incubation of TC-6-4 
with gallate esterase, monitored at 365 nm
TC-6-4
TC-5-20 .0 5 9 6  .
0 .0 2 8 8  i
0 . 0 0 7 , 0 0 1 4 . 0 0Retention time (min)2 1 .0 0 3 5 ,0 0
112
Figure 4.4a HPLC analysis of the solution resulting from the incubation of TC-9-4 
with gallate esterase, monitored at 280 nm
gallic  a c id
A 280 nm TC-6-4
TC-9-4
-i rm1 4 .0 0  2 1 .0 0Retention time (min)
T rrrr:----- i
Figure 4Ab HPLC analysis of the solution resulting from the incubation of TC-9-4 
with gallate esterase, monitored at 365 nm
TC-5-2
TC-6-4
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TC-9-4
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Figure 4.5 UV absorption spectrum (250-365 nm) for TC-5-2
0 .1 1 2 0  '
3 6 0
Figure 4.6 HPLC analysis of the solution resulting from the incubation of TC-7’3 
with gallate esterase, monitored at 365 nm
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The result of incubating TC-7 3 with gallate esterase was less easy to interpret 
(chromatogram of products shown in figure 4.6). The concentration of TC-7-3 was 
greatly reduced and gallic acid was again produced, clearly indicating the presence of 
at least one galloyl group. The principal pigmented product was a peak at 6.7 min, 
there was no evidence for the production of TC-S 2. The spectrum of this peak was 
similar to that of TC-7*3 with reduced absorption around 280 nm which is consistent 
with a product resulting from loss of a galloyl group. The degallated species from 
TC-6'4 and TC-9*4 elutes earlier than the degallated pigment produced from TC-7-3 
suggesting that TC-7-3 may not belong to the same family as TC-6-4 and TC-9-4 and 
may possess structural differences other than the number and position of galloyl groups 
contrary to the inference drawn fi-om the UV-Vis and IR spectra.
4.3.4 Porter's assay
TC-6-4, TC-9-4 and tf were subjected to Porter's assay for proanthocyanidins, which 
was performed essentially as described in section 3.2.2. The quantities of TC-7-3 that 
had been isolated were insufficient to allow Porter's assay to be performed. 
Anthocyanidin was not produced fi-om either of the three samples. HPLC analysis of 
the resulting solutions revealed that all three of the samples had degraded into a range 
of quantitatively minor products. Some of the more hydrophobic pigmented products 
possessed similar spectral properties to their precursor, and may have been butyl esters 
or ethers. A major 280 nm peak, produced fi-om TC-6-4 and TC-9-4, was identified as 
w-butyl gallate, providing fijrther evidence for the presence of galloyl groups.
4.3.5 Mass spectrometry
Reliable mass measurements are an important prerequisite for structure elucidation of a 
natural product and mass spectrometry (MS) has therefore been used extensively in the 
study of natural polyphenols (Self et aZ., 1986). In fairly recent years  ^interfaces, 
capable of ionising analytes in solution, have become available^  making it possible to 
couple MS (as a method of detection) with LC methods of separation. This approach 
has been used for the analysis of anthocyanidins in plant tissues (GlaBgen et al, 1992) 
and the polyphenols of black tea liquor (Bailey et a l, 1994c). The Electrospray 
HPLC-MS interface is a soft ionisation technique for producing molecular ions. 
Ionisation is effected when a solution containing the analyte is passed through a needle
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maintained at high voltage. This results in the production of highly charged droplets 
from which analyte ions are ejected. Application of an appropriate voltage difference 
between two regions of an Electrospray source is likely to induce fragmentation of the 
molecular ion. This is termed cone voltage fragmentation (CVF). The production of 
molecular fragments can provide direct information with regard to the structure of a 
molecule.
Adequate spectra were obtained for EC and rutin standards in both positive and 
negative ion modes. Ions obtained for rutin included the expected ions 
[M -  H] = 609, [M + H] -  611, [M + Na] = 633, [M + H -  ribose] = 456 and 
[M + H “ rutinoside] = 303 (i.e. quercetin). Ions obtained for EC included the 
expected ions [M -  H] = 289, [2M -  H] = 579, [M + H] = 291 and [2M + H] = 581. 
It can be assumed that the following mass data are accurate to ± 0*5 mass unit (the 
mean value for rutin [M + H -  rutinoside] = 303*31 ± 0*055 (n = 5); the accurate mass 
for quercetin (C15H10O7) is 302*24).
Figure 4.7 show the mass spectra obtained from tf by direct injection into an 
Electrospray interface (the LC system was by-passed as the sample was of high purity). 
The expected ions were obtained at [M + H] = 565 and [M -  H] = 563; in addition an 
ion was observed at m/z 427, i.e. [M -  138 + H]. It is conceivable that this ion may 
result from fission of a C-ring in the tf structure (depicted in figure 4.8) such as occurs 
during the^Diels-Alder fission of EC (Pelter et ah, 1965a,6) and has been reported to 
occur when employing fast atom bombardment (FAB) MS for the elucidation of 
proanthocyanidin structures (Barofsky, 1989). There was no evidence to suggest that 
a secondJ)iels-Alder fission had occurred, i.e. [426 -  138 + H] ~ 289.
Using the same conditions that had produced a molecular ion for tf, an ion peak was 
obtained for TC-6-4 at m/z 783 (figure 4.9). However, in the negative ion mode a 
peak was consistently observed at m/z 759, indicating a possible molecular mass of 
760, i.e. [M “  H] = 759 and [M + Na] -  783.
TC-9-4 produced an ion peak at m/z 911 in the negative ion mode (figure 4.10), which 
maybe the molecular ion [M -  H] indicating a mass of 912, which would be consistent 
with a structure differing from TC-6-4 by the presence of an additional galloyl group. 
Neither the corresponding [M + H] = 913 nor [M + Na] = 935 were observed from 
spectra obtained in the positive ion mode.
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Figure 4.7 Mass spectrum of tf (+ve ion mode; cone voltage = 70 V)
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Figure 4.8 Possible structures produced bom a Diels-Alder fission occurring in tf
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Figure 4,9 Mass spectrum of TC-6 4 (+ve ion mode; cone voltage = 70 V)
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Figure 4.10 Mass spectrum of TC-9*4 (-ve ion mode; cone voltage = 70V)
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Many molecular fragments were observed from each of the three isolated TC, and it 
was hoped these might provide some useful structural information. However, the 
consistency with which many fragments appeared was not good, even for repeated 
analyses of the same preparation, suggesting unoptimised operating conditions. The 
most prominent ion peak produced consistently from each of the three TC was at m/z 
301 in the positive ion mode, which was often supported by a peak at m/z 299 in the 
negative ion mode. It has not been possible to propose a realistic structure for this 
fragment based on the available data, although the empirical formula C^ gHgO? would be 
reasonable.
In the positive ion mode a fragment was observed consistently at m/z 333, for which a 
realistic fragment can be suggested (figure 4.11) based upon a galloyl group linked to 
an intact flavan-3-ol A and C-ring. A similar structure has been postulated for an ion 
produced during the FAB MS analysis of the whole TFu fraction (Bailey et aL, 
1994a).
Figure 4.11 Possible structure for the molecular fragment observed from TC-64 and 
TC-9-4, at m/z 333, in the positive ion mode
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4.3.6 Nuclear magnetic resonance
Atoms possessing a nucleus with a magnetic moment (usually due to an odd number of 
protons or neutrons) interact with an applied magnetic field. Such nuclei, when placed 
in a strong magnetic field, absorb radiation in the radiowave region of the 
electromagnetic spectrum, thus providing the basis for NMR spectrometry. The 
wavelength, or radiation frequency, is usually constant (e.g. 300 MHz used for the 
NMR spectra obtained in this study), while the applied magnetic field is varied. The 
actual field experienced by a nucleus in a particular structure depends upon its 
molecular environment, since the applied field induces secondary fields by interacting 
with bonding electrons adjacent to the nucleus. If this induced field opposes the 
applied field, a slightly higher field must be applied to make the nucleus resonate; such 
nuclei are said to be shielded. The displacements thus induced in NMR spectra are 
known as chemical shifts. The scale generally used for measuring such shifts records 
them as S, in parts per million (ppm) of the applied magnetic field with reference to the 
absorption peak of a reference compound such as tetramethylsilane. NMR can 
therefore be employed to detect the number and molecular environment of several 
atoms including and more commonly (proton) and (carbon).
NMR spectra obtained for TC-64 and TC-9-4 in the present study were limited in 
part by the instability of these fractions, but particularly by their insolubility in the 
normal solvents (D^O, dg-acetone, d^-methanol, dg-pyridine, d^-tetrahydrofiiran, 
CDCI3 and dg-dimethyl sulphoxide (DMSO)). It was clear nevertheless that the 
spectra contained signals reminiscent (A-ring protons 6*02-6'06 ppm and C-4 protons 
2*63-2*76 ppm) of flavan-3-ols, proanthocyanidins (Thompson et aL, 1972; Nonaka et 
al., 1983), theasinensins (Ferretti et al, 1968; Nonaka et al, 198^ oolongtheanins 
(Hashimoto et a l, 1988) and TF (Collier et al, 1973). Since of the foregoing only the 
TF are coloured (orange-red) and the TC are distinctly yellow, it was decided that it 
was more appropriate to compare the TC with the TF than with the colourless 
flavan-3-oi derivatives.
NMR spectra for tf, tf3g and tfdg were obtained under the same conditions to 
provide comparisons with the TC. Proton assignments in the tf spectra were based 
principally on comparisons with the published values, although commercial 
purpurogallin and gallic acid were also analysed to confirm assignments for the protons 
associated with the tropolone moiety and the galloyl groups. Protons are generally
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classified according to the carbon atom with which they are associated; figure 4.12 
shows the carbon numbering system employed in this study.
Figure 4.12 Proton identification in the theafiavin molecule
lOR OH
OHHO
HO.
OH
OR'
OH
4.3.6.1 IH NMR of TC-6-4
Figure 4.13 shows the NMR spectra obtained from tf and TC-6-4. Table 4.3 
summarises and compares the published NMR data, obtained from tf, tf3g, and tf3'g 
(Collier et ai, 1973), with the NMR data obtained during the current study from tf, 
tf3g and TC-6-4. It was possible to assign many of the protons detected in the spectra 
from TC-6-4 to the corresponding protons detected in the TF spectra, suggesting that 
these species are structurally related.
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Figure 4.13a NMR spectrum obtained from TC-6-4 (in CDgOD/DjO 50 % v/v)
Figure 4.136 NMR spectrum obtained from tf (in CDjOD/DjO 50 % v/v)
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Since there was unequivocal evidence for galloyl groups in TC-6-4, the spectrum was 
examined for signals (two proton singlets) near 7-05-6*78 ppm (where the signal 
appears in gallic acid and tGg). One such signal was observed in the spectrum from 
TC-6-4 at 6-84 ppm.
Such galloyl esters are well known among the phenols of fresh tea leaf and are usually 
attached at C-3. The electron withdrawing power of a galloyl group attached at C-3 
or C-3' effects a downfield shift to the order of T20-1-25 ppm for the H-3 or H-3' 
proton .eegpcctwgeiyr Accordingly a one proton multiplet was sought in the region 5-5- 
5-7 ppm (where such signals appear in tf3g and flavan-3-ol gallates). Such a signal 
could not be located; however, signals are apparent at 4*28 and 4-38 ppm, i.e. in 
similar locations to the protons associated with the C-3 and C-3' of tf, in the absence of 
galloyl groups. These observations do produce an element of doubt with regard to the 
position of the galloyl group, however, care must be taken when interpreting this area 
of the spectrum due to a large signal caused by the presence of water, which could be 
masking important protons.
The NMR spectrum of the non-galloylated TC, which could potentially be isolated 
after the treatment of TC-6-4 with gallate esterase, would provide a useful comparison 
with regard to the chemical shifts associated with the galloyl group in TC-6-4, and may 
therefore provide evidence to clarify the position of the galloyl group.
The most noticeable differences between the tf spectrum and the TC-6-4 spectrum are 
observed for the protons associated with the benztropolone moiety. H-3", H-5" and 
H-7" appear to have shifted upfield, by 1-08, 0-85 and 1.07 ppm respectively. 
Assignment of H-5" is made on the basis of a characteristically broad signal (Collier et 
al., 1973), and is therefore more reliable than assignments made simply on comparison 
with the published ^H NMR spectra for tf. An upfield shift is usually explained by a 
loss of associated electron withdrawing groups resulting in increased electron density 
around the proton (shielding). In tf there is scope for electron delocalisation around 
the entire benztropolone structure and an upfield shift of the protons in TC-6-4 
associated with this region of the molecule suggests that the potential for electron 
delocalisation has been reduced. The most likely explanation for this would be a 
structural difference affecting the aromatic dihydroxybenzene element of the 
benztropolone system. The tropolone ring exhibits a greater degree of stability 
(Pauson, 1955).
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The possibility therefore presents itself that the TC could be derived from the TF by 
oxidative ring opening of the dihydroxybenzene element of the benztropolone moiety. 
Such a mechanism has previously been postulated for the formation of TR from TF 
(Roberts 19586; 1962) (figure 4.14).
Figure 4.14 Oxidative ring opening of the pyrogallol ling thought to be associated 
with the benztropolone residue in TF (Roberts 19586; 1962)
OH
OH
OHHO
OH
COOH
COOH
Theafiavin ? Thearubigin ?
At the time of Roberts' proposal, the generally accepted structure for the TF was 
incorrect. The presence of a benztropolone moiety had been correctly deduced, but it 
was thought to include a vicinal trihydroxybenzene (pyrogallol) element, rather than 
the dihydroxybenzene (catechol) element that has now been unequivocally confirmed 
(Collier et al., 1973). Roberts' oxidative ring opening is still, none-the-less, a viable 
proposition, but should be revised to take account of the correct structure for the TF 
(figure 4.15).
Figure 4.15 Oxidative ring opening of the catechol ring associated with the 
benztropolone residue in TF
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OH
OH
COOHC
COOH
Theafiavin Theacitrin ?
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The protons associated with carboxyl groups which would result from such a structure 
could not be detected in the TC-6*4 spectrum,because acidic protons are exchangeable 
with aqueous solvents and contribute to the large signal attributable to water at about 
4‘8-5*0 ppm. Acidic protons will however produce signals above 10 ppm on NMR 
spectra obtained in the absence of water, which is usually achieved from a solution of 
the analyte in DMSO, The presence of protons associated with carboxyl groups, and 
the acidic proton associated with the tropolone hydroxyl group, could not be observed, 
due to the poor solubility of the TC and its failure to form a solution in DMSO of 
sufiBcient concentration.
The H-2' proton also appears to have shifted upfield by 0T 8 ppm compared with the 
H-2' in tf, which is again consistent with loss of the electron withdrawing potential 
associated with the benztropolone system.
The presence of two A-rings is clearly demonstrated from the tf spectrum by signals, 
equivalent to four protons (H-6, H-8, H-6' and H8‘), at 5'94-6*01 ppm. The spectrum 
obtained from TC-6'4 provides clear evidence only for the presence of two protons 
(6'02-6'06 ppm) associated with A-rings, which may indicate further structural 
difference between TC-6.4 and tf. However, due to the low concentration of analyte, 
the spectrum obtained from TC-6'4 possessed a noisy baseline which resulted in less 
than ideal integrals. One possible explanation for the absence of two protons from the 
A-rings would be the presence of a methylene bridge between C-8 and C-8'. 
Methylene bridges have been shown to occur in the oolonghomobisflavans that have 
been isolated from oolong tea (Hashimoto et al, 19896). However, these workers 
reported the presence of the benzylic methylene signal at 3*87 ppm (2 protons), which 
is not apparent in the TC-6*4 spectrum. It is also a possibility that the unassigned 
signal a t-6r27..-aaé6'37 ppm may represent two A-ring protons. If this
is the case, such a downfield shift could indicate that the galloyl group is attached to an 
A-ring.
The two signals at 1*25 and 1*27 remain unassigned. Protons exhibiting such an 
upfield shift are usually associated with aliphatic groups. They are also present in the 
tf spectra so may represent contaminants.
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4.S.6.2 iH NMR of TC-9-4
Table 4.4 summarises and compares the published NMR data, obtained from tfdg 
Collier et aL, 1973), with the NMR data obtained in this study from tfdg and 
TC-9-4.
proton assignment tfdg
S (ppm)^
tfdg 
S (ppm)^
TC-9 4 
Ô (ppm)^
H-2 5-48 5-58 5-55
H-3 5-76 5-65 4-40?
H-4 (2 protons) 3-05, 3-31 2-89-3-02 2-70-3-04
H-6 and H-8 (2 protons) 6-13, 6-16 6-05-6-11 5-94-6-12
H-2' 6-12 5-92 5-80
H-3' 5-80 5-83 ?
H-4' (2 protons) 3*01, 3-10 2-89-3-02 2-70-3-04
H-6' and H-8' (2 protons) 6-15, 6-18 6-05-6-11 5-94-6-12
H-3" 7-78 7-44 ?
H-5" 8-00 7-75 6-90?
H-7" 8-10 7-86 7-02?
H-2'" and H-6'" 7-00, 7-04 6-81, 6-87 6-92, 6-94
Unassigned 3-77, 6-33, 6-43,
7-65, 9-52
6 expressed as parts per million from tetramethylsilane (internal standard) 
° spectra recorded in DjO/dg-acetone by Collier et aL (1972)
* spectra recorded in CDjOD/DjO (50 % v/v)
The NMR spectrum obtained from TC-9-4 was of a poor quality, largely due to the 
poor solubility of TC-9-4 and its inability to produce a solution of adequate 
concentration, and was therefore difficult to interpret. However, the spectrum has 
provided no evidence to contradict the interpretation of previous results that have
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indicated that TC-9-4 differs from TC-6-4 by the presence of an additional galloyl 
group.
Many similarities were observed between TC-9-4 and tfdg. Two separate signals (two 
proton singlets) are assignable to galloyl groups (6-92 and 6-94 ppm), confirming 
TC-9-4 possesses two galloyl groups. There is evidence to suggest that at least two of 
the three protons associated with the benztropolone structure in tfdg may also be 
present in TC-9-4, having shifted upfield by 0-84-0-85 ppm, indicating some loss of the 
potential for delocalisation in this area of the molecule.
The assignment of H-3 and H-3' is again rather ambiguous. In tfdg, both H-3 and H-3' 
have clearly shifted downfield, compared with tf, by « 1-3 ppm as a result of the 
associated galloyl group. This is not immediately obvious from the spectrum obtained 
from TC-9-4, however, as in the spectrum obtained from TC-6-4, a large peak 
resulting from contaminating water does interfere with this portion of the spectrum and 
may be masking important peaks.
4.4 CONCLUDING REMARKS
The main problem encountered in these characterisation studies has undoubtedly been 
the poor solubility of the TC, compounded by their instability. Solutions could not be 
made that were of adequate concentration to provide useful ^^ C NMR spectra. 
However^ the combined results of UV-Vis, H  NMR and IR spectroscopy have 
revealed that TF and TC possess structural similarities. The principal difference 
between the TC and the TF appears to be in the benztropolone region of the molecule 
and this could be accounted for by ring opening of the dihydroxybenzene ring to form 
a dicarboxylic acid structure (figure 4.16).
The molecular mass of a dicarboxylic acid structure, such as depicted in figure 4.16, 
would be 596 for a nongalloyl derivative, 748 for a monogalloyl derivative (TC-6-4) 
and 900 for a digalloyl derivative (TC-9-4). The molecular ions deduced from the MS 
data obtained from TC-6-4 and TC-9-4 were 760 and 912, respectively, i.e. 12 more 
than expected for both species. These results support all the previous data, and 
provide conclusive evidence, that TC-9-4 differs from TC-6-4 by the presence of an 
additional galloyl group.
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Figure 4.16 Possible TC structure derived from the TF following opening of the 
dihydroxybenzene ring associated with the benztropolone element
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TC-9'4 R =R' = galloyl
A possible explanation for the additional 12 mass units could be the presence of a 
methylene bridge between C-8 and C-8'. Such a structure could be an artifact of the 
MS analysis as the samples were analysed in a solution containing 1 % formate. 
However, as discussed earlier, the A-ring anomalies observed in the TC-64 NMR 
spectrum, compared with the tf spectrum, could also be explained by the presence of 
a methylene bridge. The isolation and characterisation of the oolonghomobisflavans 
(Hashimoto et a/., 19896), which possess a methylene bridge either between C-8 and 
C-8' or C-8 and C-6', from oolong tea, provides evidence that processes exist within 
tea leaf capable of producing methylene bridges between flavanoid residues. However, 
the structure postulated for the molecular fragment observed from MS spectra of 
TC-64 and TC-9-4 (figure 4.11) would not be expected from a species incorporating 
a methylene bridge. Additionally, it seems unlikely that the TC possess methylene 
bridges while the TF do not. It is perhaps conceivable that opening of the 
dihydroxybenzene ring in the TF provides increased flexibility in the resulting structure, 
thereby allowing formation of a methylene bridge. However, if this were the cas^ one 
would expect to see intermediate ring-opened species in black tea liquor, derived from 
TF, that do not possess methylene bridges. In this regardait is interesting to consider
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whether TC-7*3 may differ from TC-6'4 by the absence of a methylene bridge. 
Alternatively production of a methylene diester (figure 4.17) is a possibility that could 
account for the additional 12 mass units and could only occur following ring-opening. 
Additionally, the structure postulated for the molecular fragment observed from the 
TC (figure 4.11) could arise from a methylene diester.
Figure 4.17 Possible methylene diester, produced after opening of the 
dihydroxybenzene ring in TF
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If the TC are derived from TF by opening of the dihydroxybenzene ring associated 
with the benztropolone element to produce a dicarboxylic acid structure, as might be 
predicted from the NMR results (section 4.3.6), then one might expect to obtain 
fragments from mass sp&ctra due toJliels-Alder fission at the C-ring(s),as was observed 
for tf  None of the fragments observed from the TC could be conveniently explained 
by this occurrence.
The UV-Vis and ER spectra of TC-7'3 resemble those of TC-6-4 and TC-9-4 and 
therefore suggest that they are structurally related. The results of HPLC analysis, after 
degallation by gallate esterase, clearly demonstrates that TC-7-3 possesses at least one
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galloyl group, but the degallated species common to TC-6 4 and TC-9-4 was not 
observed. This suggests that TC-7-3 must differ from TC-6-4 and TC-9-4 in some 
structural feature(s) other than the position and number of galloyl groups. TC-7-3 was 
unfortunately not isolated in sufficient quantities to enable NMR to be attempted, 
and no evidence could be found for a molecular ion from the MS results.
The most likely origin of the TC in black tea are from TF by oxidative cleavage of the 
dihydroxybenzene element of the benztropolone structure  ^as suggested by Roberts’ 
(19586; 1962). Such ring opening could be catalysed by PPO and/or peroxidase during 
the fennentation process. Enzymic oxidation of TF has been shown to occur in model 
systems, generally requiring coupled oxidation with flavan-3-ols (Roberts 1958a; Bajaj 
et aL, 1987; Opie et aL, 1993). The TR-like material produced has not been 
characterised, but it was clear from Opie's work that resolvable TR-like material was 
produced that resembled unidentified peaks observed in black tea liquor 
chromatograms. The TC could account for some of these products; however, in a 
model system there is unlikely to be scope for the formation of a methylene bridge.
It is also possible that oxidative ring opening of dihydroxybenzene rings may not 
require enzymic catalysis. It has recently been shown that the oxidation of 
(+)-catechin, induced by lipid peroxidation, involves cleavage of the dihydroxy B-ring 
to produce 3-[3,4-(3',5'-dihydroxy)benzo-8-oxo-2,7-dioxabicyclo[4.4.0]deca-3,9-dien- 
10-yl]acrylic acid (Hirose et aL, 1990) (figure 4.18). It has been suggested that some 
oxidation of lipids may occur during the brewing of tea liquor (Stagg, 1974) and could 
therefore be responsible for cleavage of the dihydroxy ring in the benztropolone moiety 
of the TF.
Figure 4.18 Oxidation product of (+)-catechin from Hpid peroxidation (Hirose et aL, 
1990)
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The formation of an additional heterocyclic ring, as observed in the (+)-catechin 
oxidation product, is of particular interest. Molecular modelling suggests that 
structures based on the (-)-epicatechin diastereoisomeric structure, which are more 
common in tea than those based on the (+)-catechin diasterioisomer, are less likely to 
react in this way due to hindrance by at least one of the C-4 protons, but the possibility 
could not be ruled out. This type of ring formation could only be anticipated, 
following ring opening in the TF structure, w^the C-3' hydroxyl \s  unsubstituted. 
Such a mechanism could account for the production of different degallated species 
from TC-7-3, compared with TC-6-4 and TC-9-4, when treated with gallate esterase 
(section 4.3.3). If TC-7-3 were derived from tf3g, the hydroxyl at C-3' would be 
unsubstituted and possess the potential for the formation of a lactone ring; the resulting 
hypothetical structure is depicted in figure 4.19. TC-6-4 would therefore have been 
derived from tf3'g, and TC-9-4, being a digalloyl ester, would have been derived from 
tfdg; in both cases the hydroxyl at C-3' would be substituted and formation of a lactone 
ring would not be possible.
Figure 4.19 Speculative structure for TC-7-3
OH
H O COOH
HO.
OH
OH
OH
OH
OH
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The structure of the (+)-catechin oxidation product, elucidated by Hirose et ah (1990) 
(figure 4.18), indicates that both the C-5'—>C-6’ and the C-l'->C-2' double bonds have 
switched from the c/s-configuration to the /raKs-configuration. Additionally, it has 
recently been reported that the mammalian metabolite firom benzene that forms via 
1,2-dihydroxybenzene is the tram, ^cf«s-muconic acid rather than the cis, c/s-form 
(Grotz et ah, 1994). Extrapolating for the postulated TC structure one of the double 
bonds is involved in the tropolone ring and would certainly remain in the c/s 
configuration; however, the C-6'‘-»C*-7" double bond could isomerise to the tram 
configuration. Indeed, to form a structure such as that speculated for TC-7-3 
(figure 4.19) isomérisation to the /rcrus-configuration would be essential. Generally a 
characteristically large and diagnostic coupling constant for frctws-vinyl protons 
(J » 16 Hz) is observed; however, as only one of the double bond carbons carries a 
proton in the postulated TC structure, it could not couple in this way.
Regrettably, it has not been possible to obtain NMR spectra, due to the poor 
solubility in conventional solvents. Accordingly, carbon-hydrogen correlations could 
not be attempted and it has not been possible to define the structural skeleton(s) of the 
isolated TC with my certainty.
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CHAPTER 5
TEA CREAM
FORMATION
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5.1 INTRODUCTION
As a strong infusion of black tea cools, the originally clear liquor is observed to 
become turbid, and if left to stand will develop an orange/brown precipitate. This 
precipitate is known in the tea trade as "tea cream". The "creaming down" of tea 
liquor has long been made use of in the assessment of tea quality. Bradfield and 
Penney (1944) concluded that the principal components of tea cream are polyphenols 
and caffeine. Pigmented polyphenols represent up to 30 % of the dry weight of black 
tea and as their colour and astringency are major factors affecting the brightness, depth 
of colour and mouthfeel of a black tea, a relationship between the creaming down of a 
liquor and the overall quality of a black tea is not unreasonable. Millin et a l (1969c) 
observed that caffeine is far less bitter in tea liquor than the equivalent solution in 
water, and that phenolic substances are less astringent in the presence of caffeine. 
Both sensory observations are, no doubt, consequences of the interactions of caffeine 
with phenolic substances, which ultimately lead to cream formation.
As discussed in previous chapters the pigmented polyphenols of black tea are a 
tremendously heterogeneous group of compounds, many of which still possess elusive 
structures. The precise identities of individual phenolics contributing to tea cream 
were therefore difficult to deduce in early studies. Bradfield and Penney (1944) 
concluded that tea cream consisted largely of ethyl acetate-soluble polyphenols which 
are now known to include the TF, TF-acids and a proportion of the FG. Using paper 
chromatography Roberts (1963) defined the composition of an isolated tea cream 
precipitate as 66 % TR, 17 % TF and 17 % caffeine, values later supported by Smith 
(1968) using similar techniques. These workers also suggested a threshold value for 
the strength of infusion, below which cream formation is not apparent.
To the majority of consumers, the aesthetics of this phenomenon is of little importance 
since they would drink the beverage while still hot, or with added milk. However, in 
the production of cold tea drinks, such as iced tea, a clear solution is required at low 
temperature and the formation of tea cream is a recognized problem. In North 
America^» 65 % of black tea leaf is used for the production of iced tea (Graham 1984). 
Cream formation is often induced in tea liquors destined for iced tea preparations and 
removed by centrifugation; alternatively the liquor can be prepared by infusing the leaf 
at ambient temperatures for several hours to maximise the extraction of phenols that 
have not formed insoluble complexes with caffeine. Rutter and Stainsby (1975) 
demonstrated that cold water extracts do not cream; however, the resultant liquor is
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generally very weak and of poor quality, due to the reduced TF concentration. 
Isolated tea cream is sometimes processed to make it compatible with the final product 
and then added back to the liquor to restore its original quality. The preparation of 
decaffeinated iced tea beverages not only avoids the problems associated with tea 
cream^but also satisfies the current trend of consumer aversion to caffeine.
With increasing caffeine concentrations, the extents to which the four principal 
theaflavins are precipitated pass through maxima, above which the caffeine complexes 
exhibit increasing solubility (Collier eta l, 1972). These observations were interpreted 
as reinforcing a proposed "stacking mechanism" for the complex formation. More 
recent work into the structures of polyphenol-caffeine complexes is discussed by 
Martin et aL (1986).
With recent advances in chromatographic techniques and methods of detection (Bailey 
et al, 1990; 1991; Opie et al, 1990), it has become possible to quantify and 
characterize the phenolic components of tea liquors with an efficiency undreamt of 
when only paper chromatography was available, and a re-investigation of the 
composition of tea cream can now be attempted.
5.2 MATERIALS AND METHODS
5,2.1 Materials
Caffeine ^ ^uercetin-3-|3-D-rutinoside (rutin) was obtained from the Sigma Chemical 
Company Ltd (Poole, Dorset, UK).
TF-acid was prepared the ferricyanide oxidation of gallic acid and (+)-catechin 
(Collier et aL, 1973). The ethyl acetate extract from this solution was taken up in a 
small volume of water, purified on a column of Sephadex LH-20, and fi*eeze dried for 
ease of handling. Identity and purity (99 %) were confirmed by proton NMR and 
HPLC, tf was isolated from a TF-rich fi-action, after incubation with gallate esterase, 
using preparative chromatography with Sephadex LH-20 as described in chapter 2. 
The CTR was prepared from a Lattakari Assam black tea as described in chapter 2.
Analytical grade ethyl acetate, acetic acid and HPLC grade acetonitrile (ACN) were 
obtained from Fisons Ltd (Loughborough, Leicestershire, UK).
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5.2.2 Tea infusion
This was prepared as described in section 2.2.2.
5.2.3 Fractionation of black tea liquor
TF-rich and TR-rich fractions were prepared as described in section 2.2.3.1.
5.2.4 Creaming studies
5.2.4.1 Natural creaming
A tea infusion was prepared at a normal drinking strength (10 g 400 ml~^ ) in distilled 
water. The liquor was divided into two aliquots, one of which was decaffeinated by 
partitioning with two equal volumes of chloroform as previously described. The 
chloroform was analysed by HPLC as described below, but monitoring at 280 nm, and 
the caffeine concentration calculated by comparison with a range of standards. 
Creaming of the caffeine-free brew was studied to ascertain whether any phenolic 
component(s) precipitated solely because the concentration exceeded its solubility 
coefficient on cooling. The remaining aliquot was allowed to form a natural cream 
precipitate.
5.2.4.2 Induced creaming
Caffeine was added back to warmed («80 ®C) decaffeinated whole tea, and warmed 
aliquots of the TF-rich and TR-rich fractions, to provide a caffeine concentration of 
5*0 mM. In a parallel study, aliquots of the TF-rich and TR-rich fractions/econstituted 
at double strength, were combined (1:1 w/w) . This reconstituted, decaffeinated whole 
tea liquor was also treated with 5*0 mM caffeine to assess whether a synergistic 
interaction between the components of the TF-rich and TR-rich firactions occurs during 
natural creaming.
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S.2.4.3 All creaming studies
Once creaming had commenced, all solutions were cooled to 4 °C, held for 2 h and 
centrifuged at 22,500 x g for 20 min. Each supernatant, containing the tea 
components that had failed to form insoluble complexes with caffeine, was analysed 
directly by HPLC. Each pellet was resuspended in a volume of water equal to that 
from which it had been precipitated, using a sonic bath and heating to approximately 
80 °C. The caffeine was removed by extracting twice with an equal volume of 
chloroform as described above. The decaffeinated solutions containing compounds 
that form insoluble complexes with caffeine, i.e. the components of tea cream, were 
then analysed by HPLC as described below.
5.2.5 BtPLC analysis
This was performed as described in section 2.3.1.
5.2.6 Preparation of calibration curves
In order to interpret the peak area data obtained from the creaming studies, three
separate calibration curves were prepared for the three groups of pigmented phenolic
components present in black tea liquor.
a) FG: a range of rutin standards was prepared in 10 % (v/v) aqueous methanol,
and analysed using the HPLC conditions described above. Peak area 
integrations were performed at 380 nm.
b) TF: TF-acid was chosen as a standard, since it is easily synthesized from readily
available precursors, A range of standards was prepared in distilled water and 
analysed using the HPLC conditions described above. Peak area integrations 
were performed at 380 nm.
c) TR: in the absence of a structurally defined compound to serve as a standard
TR, a calibration curve was prepared by using the isolated decaffeinated hump 
material (CTR), obtained from a caffeine precipitate of a TR-rich fraction, as 
described in chapter 2. The Spectra FOCUS software provides the facility of
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measuring the area of resolved peaks, not only to the level of the actual 
baseline, i.e. to the top of the hump but also to the idealised (horizontal) 
baseline, i.e. to the bottom of the hump, thus allowing the area of the hump to 
be calculated by difference. This calibration curve, applied conventionally to 
the areas above the hump, was also used to quantify the resolved TR, including 
the TC which had not been identified when this work was performed (peaks 1, 
2, 4-6, 8 and 10).
5.3 RESULTS AND DISCUSSION
5.3.1 Quantification of TR
The CTR material was used as an arbitrary standard for quantifying resolvable and 
unresolvable TR in this study. It is appreciated that this material is heterogeneous, and 
that it does not necessarily have the same spectral properties as the TR that are not 
precipitated by caffeine, but was chosen as the standard in the absence of an obviously 
superior alternative.
5.3.2 Natural creaming of whole tea liquor
Figure 5.1 shows the chromatogram, recorded at 380 nm, obtained by HPLC analysis 
of a decaffeinated black tea liquor (10 g 400 ml“ )^. For peak identification see table 
2.2. Figure 5.2 shows the chromatogram obtained by analysis of the corresponding 
supernatant prepared without decaffeination. This sample was allowed to form a 
precipitate, then centrifuged. The caflfeine concentration of the liquor was determined 
as 5*1 mM. Figure 5.3 shows the chromatogram recorded from analysis of the solution 
obtained after resuspension and decaffeination of the pellet. These profiles 
demonstrate that the TF are the principal contributors to the chromatographically 
resolvable fraction of tea cream. FG are also present in the tea cream, though  ^
compared with the TIJ at a much smaller percentage of their original concentration in 
black tea liquor. Some unresolvable TR, predominantly from the hydrophobic end of 
the chromatogram^ is also recovered from the resuspended pellet. It is interesting to 
note that the more hydrophobic TF also precipitate more readily with caffeine. Table
5.1 summarizes the contents of TF, TR and FG in the liquor before and afi;er creaming, 
and the relative amounts of each removed in the creaming process. The data, which
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are the mean and range of duplicate analyses of one sample of Lattakari Assam black 
tea, essentially confirm the results of earlier studies using paper chromatography 
(Roberts, 1963; Smith, 1968; Collier, personal communication).
A decaffeinated whole tea liquor produced a small precipitate when held for 2 h at 
4 °C. When this precipitate was re-dissolved in an equal volume of water a weakly 
orange solution was obtained. It is concluded that this material precipitated when its 
solubility coefficient was exceeded on cooling rather than due to complexation with 
caffeine. The concentration of material detected in this fraction after reconstitution 
was below the threshold of integration when analysed by HPLC using the same 
conditions employed for the other samples. Therefore the contribution of these phenols 
to the total mass of tea cream was considered to be negligible relative to the phenols 
precipitated after complexation with caffeine and this fi-action was not investigated 
further. Since all studies of induced creaming were performed on decaffeinated liquor 
that had been allowed to cool prior to recaffeination, this cold water-insoluble fraction 
would already have been removed and could not therefore contribute to the creams 
examined in the following experiments.
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5.3.3 Induced creaming of TF- and TR-rich fractions
Caffeine was added back to the decaffeinated TR-rich fraction, the decaffeinated TF- 
rich fraction and to^mixture of both (i.e. reconstituted decaffeinated whole tea liquor) 
in order to investigate induced creaming in less complex phenolic mixtures and to 
assess whether the TF and TR might interact synergistically during natural creaming of 
whole tea liquor. The data presented in table 5.2 for the percentage removal of each 
group of phenols in the presence of 5*0 mM caffeine indicate clearly that TF-TR 
synergy/co-precipitation does occur.
The apparent production of FG was assumed to be an artifact of the integration 
sub-routines associated with changes in the baseline hump. The rutin calibration curve 
was therefore repeated with each standard solution also containing 5 mg ml~i TFu to 
assess the effect of underlying hump material on the integration of resolvable peaks. 
Figure 5.4 shows the chromatograms obtained from the HPLC analysis of rutin alone 
and the HPLC analysis of the same concentration of rutin in a solution containing 
5 mg ml“  ^TFu. It is clear that the rutin peak is considerably larger in the presence of 
the underlying unresolvable material. Figure 5.5 graphically presents the data obtained 
from a range of rutin standards, with and without the presence of 5 mg ml-i TFu, and 
reveals that unresolvable material, underlying the peak, appears to increase the rutin 
peak area by approximately 50 %. The absorption spectrum of rutin was not 
significantly altered by the presence of underlying hump suggesting that these results 
were not due to a bathochromic shift, which could have increased the absorption of 
rutin at 380 nm.
The extent of this rather surprising phenomenon is considerably greater than could be 
explained by inconsistent integrations resulting from the underlying hump and therefore 
suggests that a proportion of hump material is becoming associated with the rutin and 
contributing to the area of the rutin peak. The hump area underlying the rutin peak 
appeared to be unaffected by the concentration of rutin present; however the small 
decline expected, due to material co-eluting with the rutin peak, would not significantly 
stand out from the normal run to run variation associated with the large hump area.
Calibration curves were also prepared for tf with and without the presence of 
5 mg ml"^  TFu. An increase in peak area was observed for tf, of the order of 25 %, in 
the presence of TFu hump.
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Figure 5.4a HPLC analysis of a standard solution of rutin (50 % saturated at 20 °C)
A 380 nm
Retention time (min)
Figure 5.46 HPLC analysis of a standard solution of rutin (50 % saturated at 20 °C) 
in the presence of 5 mg ml~^  TFu
A 380 nm
14 loo 28 loo2 l l o O7.'0000
Retention time (min)
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Figure 5.5 Effect of underlying hump material on FG calibration curve
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In the light of these findings, an element of doubt is cast upon the accuracy of 
quantitative data obtained for chromatographically resolvable peaks eluting on top of 
unresolvable material. The phenomenon observed here would result in over-estimation 
of resolvable components. However, the data presented above, for the composition of 
tea cream, w&%calculated firom the difference between whole tea liquor and tea liquor 
after the removal of cream. As both sets of data were obtained in the presence of 
hump material and both are likely to have been overestimates, the calculated difference 
may not have been significantly affected.
5.4 CONCLUDING REMARKS
Tea cream is an opaque precipitate that forms routinely following caffeine 
complexation of the phenols when a strong infusion of black tea cools. The pigmented 
polyphenolic components of tea cream were found to be « 86 % TR; 12 % TF and 2 % 
FG, evidence is also presented for a synergistic interaction between the TF and TR 
during cream formation. Tea cream should not be confused with tea scum which is a 
dark film that appears on the surface of hot liquor when brewed in hard water (Bianchi, 
1994; Spiro, 1994). Tea scum is composed mainly of oxidised tea polyphenols and 
calcium carbonate (Spiro and Jaganyi, 1993;1994a;6).
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Theobromine and theophylline are also capable of inducing cream formation in 
decaffeinated tea liquors; however, their contribution to natural cream formation is 
likely to reflect their quantitatively minor levels in tea liquor (0*69 and 0-25 % dry 
weight basis respectively, (Graham, 1984)), compared with caffeine (7*56 % dry 
weight).
Cream formation in the individual TF-rich and TR-rich fractions was assessed with a 
view to utilising caffeine precipitation as a fractionation procedure. A more detailed 
analysis of these individual fractions therefore presented in chapter 2.
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CHAPTER 6
TEA PIGMENT 
STABILITY 
TRIALS
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6.1 INTRODUCTION
The polyphenolic oxidation products present in black tea possess yellow, orange and 
brown colours which may have potential as food colourants. In recent years, consumer 
pressure has effected a trend away from synthetic food additives, particularly the 
non-essential additives such as colourants. This has provided food manufacturers with 
a dilemma, as food acceptability is greatly influenced by colour. The use of natural 
colourants is an attractive alternative, allowing food quality to be maintained while 
avoiding synthetic additives and therefore satisfying consumer demands.
The use of polyphenols as food colourants has been spearheaded for many years by the 
anthocyanidins which are now well established natural food colourants. 
Anthocyanidins are available in abundance from sources such as grape skins, often a 
waste product from wine making, and provide various hues of reds and mauves. The 
polyphenolic pigments of black tea are also abundant in nature, but have not been 
assessed in terms of their potential as natural food colourants. The heterogeneity of 
the pigmented black tea polyphenols coupled with the large proportion of 
uncharacterised pigmented material is perhaps one drawback to their use as food 
colourants.
Tea pigments are already present in the diet of the population as a whole due to the 
world-wide consumption of black tea. However, the physiological effects of an 
increased dietary burden of tea pigments is an area that would require further study. 
A comparison can be made between the tea polyphenol pigments and the caramels, 
which represent around 90 % of all colours sold for food use (Daly and Lyons, 1989), 
yet comprise a group of chemicals of which many still possess chemically undefined 
structures with little available data regarding their toxicology.
The potential of certain oxidised phenolics as food colourants have been assessed 
previously (Taylor and Clydesdale, 1987). A range of pigmented compounds derived 
from the action of PPO on various phenolic compounds were found to possess 
insufficient stability or tinctorial power to be considered for use as food colourants, 
with the exception of orange products formed from (+)-catechin and yellow products 
formed from dihydroquercetin. The pigmented phenolics of black tea are largely 
products of (+)-catechin, together with its isomers and galloyl esters, so it was thought 
a study of the stability of these naturally formed pigments with a view to exploitation 
as commercial colourants may be usefijl.
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During the current study, the stability of black tea pigments was assessed under various 
conditions of temperature and with various additives, during long-term storage trials, 
employing HPLC to analyse the solutions at regular intervals. The stability of 
individual constituents could then be monitored together with observations regarding 
the transformations occurring, and potential degradation products. An insight into 
such degradative changes is also of importance in the production of stabilised liquid tea 
preparations, such as canned and iced teas, which are now becoming more popular in 
the UK.
6.2 MATERIALS AND METHODS
6.2.1 Materials
All solvents were obtained from Fisons Ltd (Loughborough, Leicestershire, UK) and 
were of analytical grade, except for the acetonitrile which was of HPLC grade. 
All other chemicals were standard laboratory reagents. The tea was a Lattakari Assam 
(Importers Ltd, Guildford, UK).
6.2.2 Methods
A decaffeinated black tea infusion was prepared as described in section 2.2.2. 
A TF-rich fraction and a TR-rich fraction was prepared from the liquor using 
exhaustive partitioning with ethyl acetate, as described in section 2.2.3.1, and freeze 
dried.
6.2.2.S Stability trials
The two tea fractions, prepared from the ethyl acetate partition, provided mixtures of 
less complexity than the whole tea liquor itself and so were used to prepare 20 ml 
aliquots for storage. Each was exposed to specified conditions or treated with 
specified additives as detailed in table 6.1. The concentrations of the TF- and TR-rich 
fractions were calculated to resemble that of the initial tea infusion. All the solutions 
were stored in 40 ml screw top glass containers which were wrapped in aluminium foil 
to exclude light.
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pH 3*2 and 7*4 was achieved with citrate and phosphate buffer. SOj (200 mg was 
achieved by the addition of 0*3 mg ml"^  di-sodium di-sulphite. Two independent 
methods were employed to reduce the oxygen tension, purging with helium, and 
carbonation using a standard household "soda-stream".
A small aliquot of each solution was removed at regular intervals and analysed by 
HPLC using the method described in section 2.2.4.1. Integrations were performed at 
380 nm so as to monitor all pigmented constituents.
Table 6.1 Storage conditions for TF- and TR-rich fractions
Base solution Storage conditions
0*1 % Sodium azide 
+ O'l % EDTA
ambient 37 °C pH 3-2 pH 7-4 200 mg H  
SO2
low O2 
tension
Glucose syrup-based 
beverage
ambient 37 X 4 X
6.3 RESULTS AND DISCUSSION
Preliminary storage trials were complicated by the development of microbial growth in 
many of the solutions. The effects of microbial growth on the pigments could be quite 
pronounced, particularly if the micro-organisms are capable of metabolizing the 
pigments, e.g. Aspergillus niger^  which is known to produce a gallate esterase (Roberts 
and Myers, 19596). To avoid any effects induced by micro-organisms, subsequent 
trials included 0*1 % sodium azide as an antimicrobial agent. This was preferred to the 
use of microbial filters and an aseptic handling technique, which would be very time 
consuming. However, an initial study revealed that the azide may be contributing to 
the degradation of the TF. Azide is used as a preservative in studies of lipoprotein 
systems, but is said to promote the oxidation of lipids and the cleavage of polypeptide 
chains. EDTA is used to prevent these reactions (Bdelstein and Scanu, 1986). The 
addition of 0*1 % EDTA to the solutions of tea extracts appeared to prevent the 
azide-induced degradation of the TF. It was also noted that the azide increased the pH
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of the TF-rich solution from pH 3*8 to pH 6 5, while the addition of EDTA returned 
the pH to near normal (pH 4 5). The effect of azide on the TF could therefore simply 
be due to a pH effect, but either way the effect was minimised by the presence of 
0-1 % EDTA.
Figure 2.3 shows the HPLC chromatograms, at 380 nm, of the TF-rich and TR-rich 
fractions prior to storage.
6.3.1 Behaviour of resolvable tea pigments
Figure 6.1, 6.2 and 6.3 graphically present the peak area data obtained for peak 17 
(a typical FG), peak 22 (a typical TF) and peak 1 (a typical TC) respectively, under the 
various conditions of storage employed. The data for these three peaks were chosen 
for presentation as they are relatively large peaks, occur in an area of the 
chromatogram were integration is relatively consistent, and are characteristic of the 
group of pigments to which they belong. It is appreciated that integrating peaks using 
the unresolvable TR hump as a baseline is not ideal and is likely to result in a certain 
amount of run to run variation in the integrated peak area; however, this cannot be 
avoided. Other sources of error are likely to include the decreasing column 
performance observed over long-term usage, and variations in the injection volume, 
although the specified precision of the autosampler injection system is < 0*5 % RSD 
at 5 pi and should not be a major source of error. Straight lines or smooth curves were 
therefore not expected, but trends are clearly apparent.
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Figure 6.1 Effect of storage on the concentration of peak 17 (a typical FG) in the
TF-rich fraction
Figure 6.1a In azide/EDTA
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Figure 6,2 Effect of storage on the concentration of peak 22 (a typical TF) in the
TF-rich fraction
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Figure 6.3 Effect of storage on the concentration of peak 1 (a typical TC) in the
TR-rich fraction
Figure 6.3« In azide/EDTA
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Figure 6.3c In glucose syrup-based beverage
The half life values for these three pigments under ambient conditions are shown in 
table 6.2. It is clear that the FG are more stable than the TF, while the TC exhibit very 
poor stability and rapidly disappear from the solution. The reasons for the increased 
stability, observed for all peaks, in the glucose syrup-based beverage remains obscure. 
It is unlikely to result from the reduced water activity as the reduction was only to Aa, 
ft,^ 0*98. Howevei  ^it must be noted that the glucose syrup-based beverage does 
contain various other ingredients, such as sodium benzoate as a preservative, the 
potential effect of which on these pigments is unknown. Also, the pH of the beverage 
was measured at 2*7, which is likely to result in improved stability in view of the 
results obtained for these pigments at pH 3-2.
Table 6.2 Approximate half-life values of peaks 17, 22 and 1 stored at ambient 
conditions
In azide/EDTA In glucose syrupdjased beverage
Peak 17 (an FG) 120 days 475 days
Peak 22 (a TF) 22 days 60 days
Peak 1 (a TC) <14 days 4 days
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The effect of temperature is clearly apparent for each of these pigmented components. 
As expected, all the pigments exhibit increased stability at lower temperatures and 
degrade much more rapidly at elevated temperatures.
In direct contrast to the expected results, the pigments stored at a low oxygen tension, 
in both carbonated solutions and those that had been purged with helium, 
demonstrated considerably reduced stability. This implies that anaerobic processes are 
involved in the degradation of these pigments; such processes are unlikely to involve 
quinone formation. The crude ethyl acetate extract (TF-rich fraction) was shown by 
HPLC, monitored at 280 nm, to contain flavan-3-ols. It is, therefore, possible that 
over a period of storage at elevated temperatures, in the presence of oxygen, a certain 
amount of quinone formation could be occurring, which could result in production of 
TF, leading to an apparent increase in stability. At low oxygen tension this type of 
reaction would be minimized, resulting in reduced TF formation and an apparent 
reduced stability for the TF. However, such an argument would not hold for the FG, 
which are not products of oxidative condensation, yet also exhibit considerably 
reduced stability at a low oxygen tension.
Both the FG and the TF exhibit increased stability at pH 3*2, and a markedly reduced 
stability at neutral to alkaline pH. The natural pH of the TF-rich and TR-rich 
solutions, in azide/EDTA (i.e. the control), were 4-5 and 5*2,respectively. The data for 
the TC are inconclusive due to their instability resulting in complete disappearance, at 
both pH values, before the second data point.
The presence of 200 mg SOj appears to improve the stability of all three groups of 
pigments. The reducing power of SOg is worthy of consideration, as it is capable of 
preventing the formation of highly reactive o-quinones. Very little is known with 
regard to the mechanism of TF degradation/transformation that occurs on storage of 
tea leaf, and tea liquor, but it is possible that it could proceed via o-quinone formation 
at the dihydroxy-benzene of the benztropolone moiety. Such a mechanism
would be prevented by SOg and could therefore explain the increased stability of the 
TF in the presence of SOg. A similar argument could be presented for both the FG, 
which has the potential for o-quinone formation at the B-ring, and TC-6*4, which has 
the potential for quinone formation at the galloyl group. However, as observed in 
solutions stored at low oxygen tension, anaerobic mechanisms of 
degradation/transformations appear to be equally if not more effective than oxidative
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mechanisms, so the anti-oxidant effect of SO  ^ may not be solely responsible for this 
improved stability.
An alternative theory could involve the formation of comparatively stable SOj adducts. 
The conjugated tropolone ring would be the most likely point for addition of SO2 if 
adduct formation were to occur with the TF or TC. It is more difficult to predict if, or 
at what location, SO2 could attack an FG. Additionally, the spectral properties would 
be expected to change after addition of SO2, which did not seem to be the case for any 
of the tea components monitored in this study.
It should also be noted that the pH of the solutions are reduced in the presence of SO2 
(TF-rich fraction from pH 4*5 to pH 4*0; TR-rich fraction from pH 5*2 to pH 4 2), 
which could also contribute to the observed increase in stability. However, the 
comparatively unstable peak 1 (TC) exhibits markedly improved stability in the 
presence of 200 mg ml“  ^ SO2, to a greater extent than in solution buffered at pH 3-2, 
suggesting the increased stability of the TC is not an effect of pH alone.
In the TF-rich fraction,four new, early eluting peaks (retention times between 6-5 and 
9*0 min) were observed in many of the trials, most noticeably those under conditions 
that lead to reduced stability for the identified pigments. Under ambient conditions, 
and at 37 °C, these pigments reached a maximum peak area («13 and 19 absorption 
units, respectively) at day 84 and then began to decline. At 37 °C with low oxygen 
tension and at pH 7*4 they reached a maximum peak area (» 29 and 18 absorption 
units, respectively) at day 28 before declining rapidly. These pigments appear to be 
intermediates, possibly from the degradation of the four common TF, i.e. the detection 
of four such intermediates may not be a coincidence. They were not observed at pH 
3*2 or in the presence of 200 mg 1“  ^SO2.
These four intermediate peaks are in the same region of the chromatogram as the three 
TC that have been isolated from black tea liquor (chapters 2 and 4). However, it was 
not possible categorically to confirm that they are of the same nature as these 
intermediates. Spectral comparisons were complicated by the interference of a large 
amount of hump material upon which these intermediates eluted during analysis of the 
stored samples. Pure samples of isolated TC were not available for spiking at the time 
these intermediates were detected in the storage samples.
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6.3.2 Behaviour of unresolvable tea pigments
Under the conditions used in this study, one may hypothesize that the resolved 
pigments, and intermediate transformation products, must either degrade/transform to 
non-pigmented products or contribute to the unresolvable pigmented material that 
constitutes the chromatographic hump. The charts in figure 6.4 present, for individual 
trials, the summed peak area data for all the resolvable peaks, compared with the total 
absorption, at 380 nm, of the unresolvable hump in the same solution.
Under ambient conditions, the area of the hump increases as the resolvable peaks 
decline. This is more pronounced in the TF-rich fraction than the TR-rich fraction. At 
37 °C, 37 °C with low oxygen tension and at pH 7*4, i.e. conditions that promote rapid 
loss of resolvable pigments, a rapid increase in hump area is observed, suggesting that 
at least a proportion of the resolvable pigments \s degrading/transforming into hump 
material. It is interesting to note that under these three sets of conditions the total 
absorption at 380 nm (i.e. resolvable peaks + hump) is greater after 84 days than at the 
start of the trials. This suggests that either the spectral properties of the hump in the 
visible region have changed, or non-pigmented material, such as flavan-3-ols, are also 
being incorporated into the pigmented hump material.
At pH 3*2, in direct contrast to the solution at pH 7-4, the amount of pigmented hump 
material declines on storage. Also, at pH 3*2, the total absorption of the solutions, at 
380 nm, declines over 84 days, while the total absorption at pH 7*4 increases markedly. 
These observations suggest that degradation/transformation of resolvable peaks into 
non-pigmented material is occurring at pH 3 2, while at pH 7*4 formation of pigmented 
hump material is favoured fi*om both pigmented and non-pigmented precursors.
In the presence of 200 mg 1“  ^ SOj, hump formation in the TF-rich fraction appears to 
have been retarded, while resolvable peaks are slightly more stable. As discussed above, 
this behaviour could in part be a result of the reduced pH, which the addition of SOj 
was observed to impart. However, the hump area in the TR-rich fraction, in the 
presence of 200 mg 1~^ SOg, increases slightly during the trial in a similar fashion to 
that observed in the control. The reduced pH associated with the presence of SO2 
appears to have had little effect on the TR material, yet the TR hump is seen to decline 
in the solution buffered at pH 3-2. This suggests that the SOg may be protecting the 
TR in a similar manner to its apparent protective effect on the resolvable peaks, i.e. 
due to antioxidant activity or by the formation of SO2 adducts.
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Figure 6.4 Effect of storage on the area of the unresolvable hump compared with 
the combined total area of the resolved peaks
area at 
380nm
7500-
6000-
4500-
3000-
1500-
CH resolvable peaks 
(total)
hump
Key
Figure 6.4a TF-rich fraction in
azide/EDTA at ambient conditions
Figure 6.46 TR-rich fraction in
azide/EDTA at ambient conditions
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Figure 6.4c TF-rich fraction in 
azide/EDTA at 37 °C
Figure 6Ad TR-rich fraction in 
azide/EDTA at 37 °C
4500-
Figure 6.4c TF-rich fraction in
azide/EDTA at 37 °C (low Og tension)
Figure 6.4/' TR-rich fraction in
azide/EDTA at 37 °C (low Oj tension)
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Figure 6Ag TF-rich fraction in 
azide/EDTA with 200 mg litre"^  SOg
Figure 6.46 TR-rich fraction in 
azide/EDTA with 200 mg litre~^  SOj
7500-
J i
Figure 6.4i TF-rich fraction in
azide/EDTA at pH 3-2
Figure 6Aj TR-rich fraction in
azide/EDTA at pH 3*2
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Figure 6.46 TF-rich fraction in 
azide/EDTA at pH 7*4
Figure 6.4/ TR-rich fraction in 
azide/EDTA at pH 7*4
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Figure 6.4m TF-rich fraction in
glucose syrup-based beverage at 4 °C
Figure 6.4/1 TR-rich fraction in 
glucose syrup-based beverage at 4 °C
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Figure 6.4p TF-rich fraction in 
glucose syrup-based beverage at ambient 
conditions
Figure 6.4g TR-rich fraction in 
glucose syrup-based beverage at ambient 
conditions
dayO (W516
Figure 6.4r TF-rich fraction in 
glucose syrup-based beverage at 37 °C
Figure 6.4s TR-rich fraction in 
glucose syrup-based beverage at 37 °C
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The trials carried outwilLthe glucose syrup-based beverage all show a reduction in the 
total area of the resolved peaks, the hump area, and the total absorption at 380 nm, 
irrespective of temperature. This could result from the influence of other ingredients 
in the beverage, but it was also noted that the pH of these solutions was around 2*7, 
and a similar pattern had been observed in the azide/EDTA trial with the pH reduced 
to 3*2. It should be noted that the duration of these trials had been much longer.
One unexpected observation, resulting from the glucose syrup-based beverage, was the 
greater reduction in total area at 4 °C compared with ambient and 37 °C in the TR-rich 
fractions. Resolvable peaks followed the expected pattern, and declineJto a greater 
extent at higher temperatures; it is only the hump area that declines to a greater extent 
at the lower temperature. This could result from conditions that induce hump 
degradation at all three temperatures, but reduced transformation/degradation of 
resolvable pigmented components and non-pigmented components into hump material, 
at lower temperatures, leads to an apparent increase in hump degradation. It must be 
remembered that the precise chemical composition of the glucose syrup-based 
beverage is unknown, making predictions as to chemical transformations very difficult.
All trials, but most noticeably the TF-rich fractions, became much darker on storage. 
This darkening was more rapid at elevated temperatures and alkaline pH, suggesting a 
relationship with the formation of pigmented hump material. Darkening of tea liquors 
on storage has been observed previously and also linked to increasing levels of TR 
pigments (Roberts et al, 1981). Tea liquors were found to darken when held at 96 °C 
for 6 hours to induce ageing (Millin et a/., 19696). These researchers found a 
significant increase in non-dialysable material (ndm) associated with the colour 
changes. The ndm can be equated to Robert' SII TR (Millin et a/., 1969a), which is 
seen to chromatograph as a hump using the HPLC conditions employed in this study.
It is likely that these transformations are, at least in part, responsible for the poor 
quality of "stewed" tea, such as tea stored inThermos flasks. The TF/TR ratio is seen 
to alter dramatically on storage, particularly at elevated temperatures, producing the 
observed colour change from bright orange/brown to a dull, dark brown beverage. In 
terms of taste, the loss in theaflavin is probably more important than the increase in 
TR, resulting in reduced astringency. Also, the bitterness of the caffeine is more likely 
to be expressed without the masking effect of complexation with TF.
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All of these stability trials produced a certain amount of sediment on storage. This 
material could be easily removed from the solution by filtration, but a solvent could not 
be found in which it would adequately re-dissolve. The sediment would re-dissolve in 
0*1 M sodium hydroxide and was found to remain in solution when neutralised with 
dilute HCl. This solution was analysed by HPLC and found to consist of an 
unresolvable hump with small amounts of FG. There was no trace of any TF material, 
though it is appreciated that chemical changes may have been induced by the OH~.
It seems probable that the source of the TR produced on storage of tea liquors 
includes degradation/transformation products of the TF, but there is evidence to 
suggest that TF are not the only source of this material. In the TR-rich fraction, for 
example, TF are not present. However, flavan-3-ols, flavan-3,4-diols (Millin et al., 
19696), theogallin (Millin et al^ 19696; Lea, 1972) or gallic acid could be involved in 
TR formation.
Studies on the deterioration of black tea leaf during storage and transportation 
(Cloughley, 1981) revealed the occurrence of similar gross changes to those observed 
in this study on tea liquor storage. Evidence was presented to suggest that either 
active PPO and/or peroxidase survive the firing process of black tea manufacture, or 
that these enzymes are reactivated as moisture is taken up by the leaf on storage. Such 
enzyme activity may, at least in part, be responsible for the observed chemical changes 
in tea leaf. It is, however, unlikely that residual enzyme activity is contributing to the 
transformations observed during the storage of tea liquor in the current study, despite 
the unusually high thermal stability of PPO and particularly peroxidase. The high 
temperatures employed to infuse the tea would almost certainly inactivate any viable 
enzymes surviving tea manufacture, even if these proteins are extracted into the liquor.
Roberts and Smith (1963) observed that deterioration of tea leaf, assessed from the 
infused liquors by experienced tea tasters, was directly related to the decline in TF and 
that this was associated with an increase in carbon dioxide content of the headspace. 
This deterioration also occurred when the leaf was stored under nitrogen  ^suggesting 
such transformations do take place in the absence of oxygen. However, TR levels 
were found to increase on storage of leaf under oxygen, but decrease on storage of leaf 
under nitrogen, leading to the suggestion that two different mechanisms exist for the 
degradation/transformation of TF, an anaerobic process that yields carbon dioxide, and 
an aerobic process that transforms TF into TR. These observations are not consistent 
with the results obtained in this study, as TR levels were observed to increase in tea
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extracts stored at low oxygen tension. It should be noted that in Roberts and Smith's 
study (1963) no measures were taken to prevent microbial activity.
Stagg (1974) postulated that hydrolysis of lipids, followed by the oxidation of free 
fatty acids during brewing, may significantly influence the quality of tea liquor. 
Polyphenols are antioxidants and therefore inhibit lipid peroxidation, but are oxidised 
themselves in the process. Monomeric and dimeric products of (+)-catechin, induced 
by lipid peroxidation, and involving cleavage of the B-ring, have been characterised 
from model systems (Hirose et al,, 1990; 1991). Non-enzymic oxidation, involving 
cleavage of the catechol ring (chapter 4; Roberts, 19586; 1962; Powell et ah, 19946) 
associated with the benztropolone residue in TF, to yield a dicarboxylic acid, could 
therefore be a possible explanation for the loss of TF during storage of tea liquor. The 
four comparatively hydrophilic peaks, observed in this study and identified as possible 
intermediates in the degradation/transformation of the 1% could be species of this type. 
Decarboxylation of such compounds could account for the observed evolution of 
carbon dioxide. Polymerisation, with or without decarboxylation, might convert such 
species into ndm/TR, accounting for the increase in hump area observed during this 
study. In contrast to cleavage of the catechol ring, cleavage of the tropolone ring 
requires the presence of hydrogen peroxide under strongly alkaline conditions (Pauson, 
1955), so is unlikely to occur in mildly acidic tea liquor.
It has been suggested that carbonylamino reactions involving phenolic quinones could 
be contributing to the deterioration of black tea leaf on storage, with the quinones 
acting in the same way as sugars in the Maillard reaction (Stagg, 1974). Such 
reactions, if they do indeed occur, would be of less importance in tea liquor as they are 
favoured by low water activity. Additionally, the imines produced from conventional 
carbonylamino reactions, between sugars and amino acids, undergo various 
énolisations, referred to as Amadori rearrangements, Imines produced from 
o-quinones and amino acids could not undergo subsequent énolisations and an 
equilibrium would be established. However, conventional carbonylamino reactions 
could occur in tea liquor and subsequent Amadori rearrangement products could 
eventually polymerise or possibly co-polymerise with imines formed from o-quinones 
and amino acids, and this could contribute to the observed increase in ndm. Such ' 
reactions could explain the presence of protein, observed by some workers, in the ndm 
(Millin et ah, 1969a), and the observed decline in the levels of glucose, free amino 
acids and polypeptide lysine (Stagg, 1974). Carbonylamino reactions do not require
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oxygen to produce browning which is consistent with the observations that tea leaf and 
liquor quality deteriorates even when oxygen is limited.
6.4 CONCLUDING REMARKS
The TF are not sufficiently stable in aqueous systems to be of significant value as 
colourants in commercial products with a high water activity. Additionally their 
interaction with other food components could lead to undesirable effects, such as haze 
formation, due to complexation with caffeine (Rutter and Stainsby, 1975; Martin et al., 
1986; Powell et al., 1993), complexation with protein (Heart et al., 1985) or scum 
formation in the presence of calcium ions (Spiro and Jaganyi, 1993; 1994a,6).
Sedimentation is likely to be another problem encountered in aqueous solutions. The 
cold water-insoluble complexes formed with caffeine and/or protein would certainly 
form sediments on storage. The sediments examined in this study were found to 
consist of TR and a small amount of FQso it is possible that, even in the absence of 
caffeine and protein, TR material, and possibly FG material, may settle out of solution 
to form a sediment.
Our limited understanding of the chemistry of the TR complex would make predictions 
as to its behaviour in various food systems very difficult. The brown colour of the TR 
complex may not be a particularly attractive colour, but, as already mentioned, the 
various shades of brown provided by the caramels represent up to 90 % of all colours 
sold for food use. Despite the consumer aversion to azo dyes, the synthetic pigment 
Brown FK is still employed as a colouring for kippers, largely due to the ease with 
which it disperses in both the aqueous and lipid phases of fish tissue. The solubility 
and stability of tea pigments in lipid phases is perhaps an area that requires fiirther 
study were tea pigments to be utilised as commercial colourants. Stability may not be 
a problem with regards to TR as they appear to be end products in tea pigment 
degradation/transformation reactions, with the brown colour darkening slightly, rather 
than fading, on storage. In terms of safety, the TR can again be compared with the 
caramels, which are also a rather ill-defined group of pigments that seem to have been 
accepted as additives, due to their already widespread and long-standing occurrence in 
food products.
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Control of pH would be vital in any aqueous food product containing tea pigments. 
Pigment stability is considerably improved at pH 3*2 compared with higher pH values. 
The TF degrade/transform at a much slower rate, and TR does not seem to increase; 
additionally, the darkening observed in natural tea liquor, or tea extracts, at higher pH 
values, is not observed and sedimentation is minimised. The carbonated, canned, cold 
tea beverages that have recently come onto the UK market have all been lemon* 
flavoured products. The addition of lemon juice to flavour the tea has the convenient 
side effect of lowering the pH of the beverage, thereby improving the stability of the 
pigments and maybe making a virtue of necessity.
This study has focused on the stability of tea pigments in aqueous food products, but 
their application as colourants in non-aqueous products, such as dried foods, may be 
more viable. Such applications need not necessarily be restricted to food products. 
Toiletries, and particularly cosmetics, require a vast array of different colours and hues 
for which tea pigments could be evaluated.
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CHAPTER 7
GENERAL
DISCUSSION
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7.1 INTRODUCTION
The original aim of this study was to leam more about the nature and origin of black 
tea pigments, with particular reference to the formation and structure of the TR, while 
making a preliminary assessment with regard to the potential of tea pigments for use as 
commercial colourants. An important aspect of this evaluation was the assessment of 
the stability of tea pigments. Additionally, it was attempted to refine methods of 
fractionating tea pigments, and examine the use of these procedures alone, and in 
various combinations, to isolate less complicated TR fractions for further study. She. 
■use of Porter's autoxidative assay (Porter et ah, 1986) was employed for the 
determination of structural features within TR isolates that are unresolvable with 
reversed phase HPLC and therefore presumably polymeric and/or heterogeneous. 
Spectroscopic techniques including infi-a-red (IR) spectrophotometry, nuclear magnetic 
resonance (NMR) and mass spectrometry (MS) were employed for homogeifous 
isolates with a view to characterising their chemical structure.
7.2 USE OF TEA PIGMENTS AS COMMERCIAL COLOURANTS
The orange/red TF are unlikely to be of significant value as colourants in many 
commercial products due to their poor stability in aqueous systems. The TF exhibited 
greatest stabilisât low temperatures (4 °C) and low pH (pH 3*2) and may possess 
sufficient stability for use as colourants in food products that are maintained under 
these conditions, particularly those that already possess a short shelf life for reasons 
other than pigment stability. Consideration must also be given to the flavour of a food 
product and the potential effect of including TF as colourants. Certainly astringency 
would not be a desirable additional taste in many food products. Additionally, 
interactions with other food components, e.g. protein and caffeine, must be given due 
consideration.
The FG exhibited a greater stability than the TI) but would be of little use as 
commercial colourants as they are only very weakly pigmented and exhibit a  very poor 
solubility in aqueous systems.
During these studies only the TR gave any indication that they possessed sufficient 
stability and/or tinctorial power to be of significant value for use as commercial 
colourants. However, the majority of the TR could not be resolved by reverse phase
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HPLC and their stability could only be assessed, as a group of compounds, by the area 
under the rising baseline (hump). It is not clear whether the unresolvable TR in black 
tea liquor represent end products in tea polyphenol degradation/transformation 
reactions or whether the TR also degrade/transform into other unresolvable products 
on storage. In either case, the colour of the TR does not appear to fade on storage, and 
the principal concerns with regard to their use as commercial colourants is likely to be 
the unknown toxicological properties of chemically undefined structures.
7.2 FRACTIONATION OF UNRESOLVABLE TR
The TR represent between 9-15 % of the soluble solids of black tea and contribute to 
the colour, flavour and possibly health implications of tea consumption, yet progress 
into the nature of this material has been tediously slow. During the current study TR 
were fractionated by caffeine precipitation and various chromatographic techniques. 
Caffeine precipitation provides a fractionation procedure that can be used to obtain 
polyphenolic fractions of less complexity from black tea liquor and has led to the 
development of a method for isolating TR material (CTR) which is unresolvable with 
reverseJphase HPLC and free from FG and TF.
The results obtained from the SEC analysis of TR material very promising; 
however the method, described in chapter 2, still requires optimisation before its 
potential can be realised. Possibilities arise for the development of methods for the 
assessment of tea quality and tea authenticity. SEC separations may also provide 
scope for preparing TR fractions that are of a more homogenous nature, at least with 
respect to molecular weight, than previous fractions. The preparation of homogei&us 
TR fractions would considerably improve the ease with which characterisation studies 
are interpreted, and may ultimately lead to the proposal of structures for TR 
components.
SEC may have potential for differentiating between TR of different synthetic origin. 
This would be particularly useful for comparing and contrasting the TR-like material 
produced from different model systems. An analytical method capable of 
differentiating between the TR-like material produced from TF, TF-acids, individual 
and combinations of flavan-3-ols, and the material produced by the action of PPO and 
peroxidase in model systems would allow a comparison with "true" TR material
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isolated from tea liquor, such as the TFu and CTR, and may provide an insight with 
regard to the formation of the TR during fermentation.
The use of Sephadex LH-20 to sub-fractionate two TR fractions (the CTR (chapter 2) 
and the TFu (Bailey et ah, 1992), has led to the isolation of three novel yellow 
pigments from black tea liquor which would previously have been referred to as TR. 
The name theacitrins has been proposed for these pigments.
7.3 THEACITRINS
Evidence has been obtained which suggests that these compounds resemble the TF 
(UV-Vis; IR; NMR) and therefore they may be transformation products thereof, or 
arise from similar precursors by a similar mechanism.
TC-9'4 appears to have a mass of 912 and contain one galloyl group more than 
TC-6*4, which appears to have a mass of 760. On treatment with gallate esterase, 
TC-6*4 loses at least one frurthnr galloyl group and is converted to TC-5*2, which 
transforms rapidly to brown hump material. NMR data suggest that TC-9 4 
contains two galloyl groups and TC-6 4 contains one and that these compounds are 
probably mono-and di-galloyl derivatives of the same structural skeleton. TC-7*3, 
while possessing similar UV-Vis and IR characteristics, and containing at least one 
galloyl group, does not possess the same structural skeleton.
Regrettably, it was not possible to isolate either skeleton, nor to obtain good NMR 
spectra due to poor solubility in the conventional solvents. Accordingly, NMR and 
carbon-proton correlations could not be attempted and it has not been possible to 
define either structural skeleton with any certainty. Such data as are available suggest 
that the C-4 protons remain in the C-ring and that soi^e possibly not all) of the 
A-ring protons are present. The characteristically broaJ^H-5" as seen in TF remains, 
but at a higher field, suggesting reduced electron delocalisation, which is consistent 
with the lower visible maximum compared with TF.
The poor solubility of the TC has been the most confounding factor with regard to 
their structural characterisation. The TF are readily soluble, yet the TC, which appear 
to be structurally related to the TF, are only sparingly soluble in water and all organic 
solvents investigated. An analogy can be made to the solubility of the flavan-3-ols and
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the flavonols of green tea; the flavan-3-ols are readily soluble in water, yet the 
flavonols, which differ only in the presence of a carbonyl group and a C-2->C-3 double 
bond, are virtually insoluble in water. Even the FG, which possess readily soluble 
sugar moieties, are only sparingly soluble in water. Indeed,it is interesting to note that 
the FG are above their solubility threshold in tea liquor and appear to exhibit increased 
solubility in the presence of other phenolic compounds. If the TC were to exhibit 
similar properties, it may be possible to produce a more concentrated solution in the 
presence of another pure phenolic compound such as tf. It may then be possible to 
obtain improved NMR and i^C NMR spectra from which signals derived from the tf 
could be subtracted.
The contribution of the TC to the character of the Lattakari Assam black tea beverage, 
that has been used during the course of this study, is unlikely to be very significant due 
to the low concentrations that are present. Accurate quantification of the TC has not 
been possible in this study, but in terms of their contribution to the total absorption at 
380 nm they represent approximately 1-0 % (TF « 11*7 %, FG « 21*9 % and 
TR « 59-3 %) for the Assam tea liquor from which they were initially isolated. Their 
contribution to the colour, and probably the taste, of the beverage will be minimal and 
almost certainly overshadowed by the TF and the TR. However, they could be 
quantitatively more important components in other tea varieties, since the relative 
amounts of TC would be expected to vary between different types of tea. 
A preliminary screening of a limited range of black tea samples revealed that a Kenya 
was the richest source of TC, in which they represented approximately 1*7 % of the 
absorption at 380 nm. It is interesting to note that this Kenya tea was also a richer 
source of TF than the Assam tea («15*1 %) (Rajanayagam, personal communication).
The principal contribution of the TC to the taste of a liquor, based on their structural 
similarity to the TF, is likely to be one of astringency. However, the astringency of 
the TC in tea liquor is likely to be moderated by complexation with caffeine in a 
manner similar to the TF (Millin et al, 1969c). The TC were originally isolated from a 
caffeine-polyphenol precipitate from black tea (CTR), indicating their direct association 
with caffeine, or their indirect association with caffeine precipitatable substances.
TC-6'4 was shown to exhibit poor stability in the storage trials, ant^ as mentioned 
previously, the non-galloyl derivative appears to be particularly unstable. The 
observed degradation/transformation of isolated TC suggests that they form pigments 
that are not resolved by reversed phase HPLC, indicating that they may be transient
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intermediates in the conversion of TF to TR. Degradatory intermediates were 
observed in the stability trials of TF-rich extracts under conditions that predisposed to 
the disappearance of the TF and the production of TR-like material. Few data could 
be obtained for these intermediates, but they were observed to elute in the region of 
the chromatogram occupied by the TC during HPLC analysis of whole black tea 
liquor, and it is possible they may have been the same species. Unfortunately pure TC 
samples were not available at that stage of the investigation.
Formation of TC in model systems would be of particular interest in an attempt to 
elucidate their origins, with enzymically driven coupled oxidation of TF being perhaps 
the most obvious possibility. Production of TR by the coupled oxidation of TF in 
model systems has been performed previously (Roberts and Myers, 1960; Bajaj et al., 
1987; Opie et al., 1993), but a re-investigation is now warranted in light of the newly 
discovered TC. If the TC are indeed transient intermediates in the formation of TR 
from TF, they may well have been overlooked by previous workers, particularly in 
view of their apparent instability coupled with the inferior chromatographic 
methodology of the day.
7.4 COMPOSITION OF THE TR
During the course of this study progress has been made in isolating individual (TC) and 
groups (CTR) of TR components with a view to characterisation. Table 7.1 
summarises the TR fractions that have been isolated in this study and by previous 
workers.
Both the CTR and TFu appear to contain relatively little identifiable contaminating 
material, and therefore, classifying TR as unidentified tea pigments, represent relatively 
pure TR material. The molecular weight range of 850-1950, determined by SEC, for 
both the CTR and the TFu fractions suggests the presence of oligomers, based on 
flavanoid residues, ranging from dimers (for a galloylated dimer) to heptamers (for a 
non-galloylated oligomer). Oligomers based on TF, or TF-acids, would require dimers 
to tetramers to achieve these masses. These results are consistent with those of Cattell 
and Nursten (1976), who estimated molecular weights in the region of 1500 for several 
isolated TR fractions, and suggested pentameric, non-galloylated, flavanoid oligomers. 
The molecular weight range predicted for the TR by Millin and Rustidge (1967), of 
700-40,000, is likely to be in error due to Millin's ndm containing significant amounts
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of polysaccharide and protein (Millin et al., 1969a). It is now clear that substantial 
amounts of TR material (e.g. TFu) can be isolated from black tea liquor that is free 
from nitrogen (Bailey et al, 1992),suggesting that protein is not an integral part of TR 
material, and that protein-containing TR material is unlikely to be responsible for much 
of the unresolvable hump observed in chromatograms of whole black tea liquor 
obtained by reverse&phase HPLC.
The assumption that TR are derived principally from flavan-3-ols is still valid in view 
of the potential TR precursors in fresh leaf and the observed production of TR-like 
material in model systems containing individual, and pairs, of ftavan-3-ols (Roberts and 
Myers 1959a; 1960; Robertson and Bendall, 1983; Opie et al., 1990; Bailey et al., 
1993). It is worth noting that all of the characterised oxidation products from black 
tea are derived from less than three flavan-3-ol residues, suggesting that molecules 
derived from three or more flavan-3-ol residues are not resolvable by reverse phase 
HPLC. Since it is possible to resolve trimeric and tetrameric proanthocyanidins with 
reverseàphase HPLC one must presume that most of the TR are significantly different 
from these well known substances. Oxidation, and possibly branching, might be 
important features, although it is probable that non-proanthocyanidin interflavanoid 
linkages predominate in TR material and account in part for these differences in 
behaviour.
The formation of all fiavan-3-ol transformation products that have been characterised 
in black tea liquor can be explained by reaction at the B-ring following PPO-induced 
oxidation to its corresponding o-quinone (with the exception of a few quantitatively 
minor proanthocyanidins); these are summarised in figure 7.2. They include the 
theasinensins, which are classed as dimers possessing an interflavanoid C->C linkage 
between the two B-rings (Ferretti et al., 1968), which are then capable of oxidising to 
form oolongtheanins (Hashimoto et al., 1988). The TF, though not strictly dimers, are 
formed by the oxidative condensation of two flavan-3-ols to form a benztropolone 
structure, which may then undergo oxidative ring opening to form the TC (chapter 4; 
Powell et al., 1994a,6). The TF-acids and the theaflagallins result when the 
trihydroxybenzene ring of gallic acid replaces the pyrogallol ring of the flavan-3-ol.
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Figure 7.2 Possible oxidation pathways of tea fIavan-3-ols during fermentation 
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It is worth noting that all of the pigmented products of black tea that have so far been 
characterised possess benztropolone structures, or, in the case of the TQ a 
benztropolone-^derived structure (though this should be considered as tentative). It is 
therefore probable that the pigmented TR also contain benztropolone, and/or 
benztropolone-derived structures, although it can-not be ruled out that their 
pigmentation could be due^a completely novel chromophore(s). It is also interesting 
to note that oxidation products have not been characterised from black tea involving 
reaction between two 3',4'-dihydroxy B-rings (catechol + catechol). AH of the 
flavan-3-ol transformation products shown in figure 7.2 have the potential to be 
incorporated into the TR in addition to the six fiavan-3-ols common in tea, which 
would result in TR material of increasing complexity and heterogeneity. It has been 
clearly demonstrated that coupled oxidation of TF-acids (Berkowitz et aL, 1971) and 
TF (Bajaj et ai, 1987; Opie et a/., 1993) produces TR-like material, while the TC have 
been shown to be particularly unstable (chapter 3), degrading/transforming into 
unresolvable TR-Uke material.
7.5 THEORIES ON INTERFLAVANOID BONDING IN THE TR
Figure 7.3 Flavan-3-ols
OH
HO O
C
OH
R = H or OH
OH
R = H or
OH
OH
There is scope for dimers and higher oligomers to be built up^  incorporating several 
different types of interflavanoid linkages. All of the characterised flavan-3-ol 
transformation products shown in figure 7.2 retain an intact A and C-ring and therefore 
possess the potential for the formation of acid labile C-4-^C-6 and/or C-4—>C-8 bonds 
(the carbon numbering system employed for flavan-3-ols is shown in figure 7.3)^  
providing the possibility of branched polymeric structures developing. C-4—>C-6 and 
C-4—>C-8 bonds would be cleaved during Porter's autoxidative assay for
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proanthocyanidins. However, of all the potential monomer units in TR material, 
anthocyanidins would only be produced from terminal flavan-3-ol residues linked at 
C-4.
Acid labile C-4-^C-6 and/or C-4—>C-8 linkages have been shown to occur in TR 
material isolated from black tea by the-release of anthocyanidins following autoxidative 
depolymerisation (Chapter 3; Powell et al., 1995). Proanthocyanidin material was 
found to account for approximately 18 % and 10 % of the CTR and TFu, respectively 
(as procyanidin dimer equivalents). However, unlike the CTR and TFu material, 
conventional proanthocyanidins (i.e. flavan-3-ol dimers and oligomers possessing acid 
labile C-4-»C-6 and/or C-4—>C-8 interflavanoid linkages) are generally resolvable with 
revers^phase HPLC. The possibility therefore arises that the anthocyanidins released 
from the TR material may have been derived from terminal flavan-3-ol residues linked 
via acid-labüe bonds (i.e. at C-4) to complex, unresolvable TR material, possessing a 
different type(s) of interflavanoid (non acid-labile) linkage(s), e.g. linkages involving 
the B-ring, or a benztropolone structure (figure 7.4).
Figure 7.4 Hypothetical portion of an unresolvable TR molecule that would be 
expected to produce an anthocyanidin by acid-induced depolymerisation
OH
OH
HO,
OR'
OH
,R'
OR
OH
R" = remainder of 
TR molecule
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Lower than expected values for the content of galloyl ester in TR isolates have 
previously been explained by the occurrence of degallation during fermentation (Cattell 
and Nursten, 1976). However, this can-not explain the low level of galloyl ester 
determined for the DTP fraction (chapter 3). The DTP fraction was derived from the 
storage of an aqueous solution containing predominantly TP gallates and flavan-3-ol 
gallates with no observed release of gallic acid during its formation. This suggests that 
galloyl groups have formed non-hydrolysable bonds within this TR-like material. Such 
a suggestion could also help to explain the observation that the polarity of this 
material, and its behaviour on Sephadex LH-20, is not consistent with the presence of 
galloyl groups when compared with the behaviour of the TP (chapter 2).
It is conceivable that bonding may have occurred at C-2" or C-6"; alternatively 
oxidation of the galloyl trihydroxybenzene ring,to produce an o-quinone, could lead to 
condensation with an o-quinone derived from a dihydroxy B-ring, leading to the 
production of a benztropolone moiety. In support of such a theory, MS data have 
recently been reported that suggest a pigment formed during the chemical oxidation 
of EGG, and resolved by reversed phase HPLC, may have been a benztropolone 
derivative formed by condensation of the 3’,4-dihydroxy B-ring and the 3",4",5”- 
trihydroxy galloyl ring (Bailey et aL, 1993) (figure 7.5). During tea fermentation, the 
galloyl derivatives of TP and TP-acids could be involved in this type of reaction in 
addition to EGG and EGCG. In this regardait is worth considering whether this type of 
oxidative condensation could also be responsible for the production of TR-like material 
in model systems containing TP gallates and EC, which have been used for 
investigating the coupled oxidation of TP (Opie et ai, 1993). However, TR-like 
material was also produced from the coupled oxidation of tf with EC, i.e. in the 
absence of a galloyl group, indicating that other mechanisms are certainly implicated.
Consideration of the putative ECG oxidation product depicted in figure 7.5 reveals 
that an intact B-ring remains, providing potential for the formation of further 
benztropolone moieties by oxidative condensation with 3',4',5'-trihydroxy B-rings or 
galloyl groups. Additionally, the unaltered galloyl group also possesses the potential 
for further oxidative condensation with a 3',4'-dihydroxy B-ring. The involvement of 
galloyl groups in oxidative condensation reactions therefore provides the possibility for 
the formation of polymeric pigments with considerably larger molecular weights than 
any of the previously characterised pigments in black tea and could account for the 
molecular weight range determined for TR isolates (850-1950) by SEC during this 
study.
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Figure 7.5 Possible structure formed from ECG by the intermolecular oxidative 
condensation of the 3',4'-dihydroxy B-ring and the 3",4",5"-trihydroxy galloyl ring 
(Bailey et al., 1993)
OH
OH
OHOH
OH
OH
OH OH
OH
HO,
HO,
OH
During storage of the aqueous solution of the caffeine precipitatable TF-rich material, 
i,e. during the production of the DTP, the colour was observed to darken considerably. 
SEC analysis suggested that aU of the TR-like material constituting the DTP fraction 
was of a molecular weight in excess of 2,000 indicating that polymerisation had 
occurred. Polymerisation involving the formation of benztropolone moieties at the 
galloyl group could account for the increasing intensity of the colour, whilst 
polymerisation at C-2" and C-6" would not affect the level of conjugation and would 
not therefore be expected significantly to affect the colour.
It must be appreciated that the DTP material was derived from storage of tea liquor 
components and is not a natural isolate from tea liquor. Indeed, the results of the SEC 
analysis suggest that the majority of this TR-like material is of a much higher molecular 
weight than the "true" TR material isolated from fresh black tea liquor. Progress into 
the nature of the DTP material may therefore be more applicable to TR-like pigments 
produced on ageing/deterioration of tea leaf/liquor, rather than the TR pigments 
produced during fermentation. However, the involvement of galloyl groups in
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oxidative condensation reactions can-not be ruled out in the formation of "true" TR 
material, isolated from black tea liquor, particularly in view of the lower than 
theoretical values obtained for galloyl ester from TR isolates (Brown et al., 1969; 
Cattel and Nursten, 1976; Powell et ah, 1995).
It is interesting to consider all of the quantitatively major precursors to TR material in 
terms of the products that would be expected from oxidative condensation reactions 
involving galloyl groups, and whether or not these products could be involved in 
further polymerisation. For polymerisation to occuç the initial oxidation product must 
possess either two B-rings, two galloyl groups or a B-ring and a galloyl group. Only 
benztropolones derived from ECG + ECG, ECG + EGCG and ECG + tfdg satisfy 
these requirements. The remaining quantitatively important flavan-3-ols, TF and 
TF-acids could only be incorporated as terminal units. By acting as chain terminators^ 
such monomer units might be important in preventing the production of high molecular 
weight polymers, i.e. above 2,000 daltons, in black tea liquor. In this regard, it is 
interesting to note that the DTF was derived from storage of an aqueous solution rich 
in ECG, EGCG, and tfdg (i.e. ethyl acetate-soluble and caffeine precipitatable 
phenolics), and has produced TR-like material of a considerably higher molecular 
weight than TR isolated from tea liquor.
The results obtained in this study provide considerable scope to advance upon the 
model system work previously undertaken (Robertson and Bendall, 1982; Robertson, 
1983a,6; Opie, 1992 and Opie et ah, 1990; 1993). Model system studies would be a 
useful approach to elucidating the involvement of gallate in TR formation. The release 
of gallic acid due to degallation in a simple model system, containing a flavan-3-ol 
gallate and PPO for example, could be quantified to provide data with regard to the 
levels of galloyl ester that are incorporated into the TR-like material produced. It may 
even be possible to isolate the TR material produced and assess the gallic acid yield 
after treatment with gallate esterase, or Porter's reagents, thereby giving an indirect 
measure of galloyl groups linked to TR-like material with non-hydrolysable bonds by 
the difference between the theoretical yield and the actual yield.
The involvement of galloyl groups in the formation of TR material may also explain 
the presence of depsidically linked quinic acid in TR material reported by Millin et ah 
(1969c), as it is conceivable that theogallin could be incorporated into TR material by 
oxidative condensation at the galloyl group. Quinic acid was not observed from TR 
material treated with Porter's reagents in this study; however, a quinic acid standard
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also failed to form any products detectable by reverse! phase HPLC after treatment 
with Porter's reagents.
The possible implication of galloyl groups in benztropolone formation allows an 
interesting re-assessment for the role of degallation during tea fermentation, Coggon 
et al. (1973) presented evidence to suggest that 2 % of EGCG, when oxidised in a 
model system by PPO, underwent oxidative degallation, yielding gallic acid and 
tricetinidin, while 10 % of ECG, underwent oxidative degallation to yield gallic acid 
and a mixture of (+)- catechin and (-)-epicatechin (surprisingly not the analogue of 
tricetinidin as might be expected). These results not only help to explain the origin of 
tricetinidin detected by some workers from black tea (Roberts and Williams, 1958; 
Bailey et al., 19946; Bailey and Nursten, 1994), but also the increase in free gallic acid 
that occurs during tea fermentation (Roberts and Wood, 1951). De-esterification 
could still theoretically be induced by PPO in a structure such as that depicted in 
figure 7.4. Alternatively coupled oxidation of the B-ring with an o-quinone might also 
lead ^ de-esterification. A possible reaction scheme for the speculative de-esterification 
of a product resulting from ECG, or EGCG + ECG by the intermolecular oxidative 
condensation of a galloyl group and a dihydroxy B-ring is shown in figure 7.6.
It is clear from figure 7.6 that de-esterification of the putative oxidation products may 
represent an alternative pathway for the production of TF-acids. In support of this 
hypothesis  ^it has been suggested, following the observed production of epitheafiavic 
acid in ferricyanide-driven model systems containing ECG and gallic acid, that 
TF-acids can be formed intramolecularly by condensation of quinoid groups from the 
B-ring and the galloyl group of the same molecule, followed by cleavage of the ester 
bond due to steric strain (Collier et al., 1973). These workers suggested that ECG is 
not de-esterified under the conditions of the oxidation prior to coupling of the quinoid 
groups. Indeed there is no evidence in the literature to suggest that chemical oxidation 
by ferricyanide induces degallation, although it can-not be unequivocally ruled out.
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Figure 7.6 Possible effect of PPO induced de-esterification on putative oxidation 
product from ECG/EGCG + ECG following condensation of a B-ring and a galloyl 
group
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C—>C bonding involving positions C-2' and C-6' provides yet another possibility for 
polymerisation. The theasinensins are examples of dimers possessing this type of 
linkage. That the theasinensins are present in black tea in only small amounts could 
suggest that the formation of C ^C  bonds at C-2' and C-6' is of only minor 
significance. Alternatively, it could suggest that the theasinensins are short-lived 
intermediates in the production of polymeric TR material. The possible occurrence of 
such bonding has been used to explain the higher yield of cyanidin (dihydroxy B-ring) 
compared with delphinidin (trihydroxy B-ring), obtained from TR material during 
Porter's autoxidative assay, despite the predominance of trihydroxy flavan-3-ol 
precursors (chapter 3; Brown et al., 1969; Catteî and Nursten, 1976). The C-2' and 
C-6' positions exhibit greater reactivity in the trihydroxy B-ring compared with the 
dihydroxy B-ring and might therefore form linkages at this point in preference to acid 
labile C-4^C-8 and C-4-^C-6, which might be favoured by the dihydroxy B-ring.
It is clear fi’om the wide range of precursors available for TR formation and the scope 
for different types of linkages, that there is potential for the formation of numerous 
phenolic structures  ^including incredibly complex oligomers and polymers. Polymers 
resulting from oxidative condensation of B-rings and galloyl groups could only be 
loosely referred to as flavan-3-ol polymers, despite flavan-3-ols being the original 
precursors, due to the flavan-3-ol structure having been significantly altered.
7.6 ORIGIN OF THE ACIDIC NATURE OF THE TR
Roberts first illustrated the acidic nature of the TR with his SI and SII fractions 
(Roberts et al., 1957). Roberts went on to propose that the TR may be derived from 
the TF by oxidative ring opening of the dihydroxybenzene ring of the benztropolone 
structure to produce a dicarboxylic acid (Roberts 19586; 1962). The molecular mass 
of the TR appear to be considerably higher than Roberts' first estimates (chapter 2; 
Cattell and Nursten, 1976). However, the occurrence of ring opening in the TF to 
produce a dicarboxylic acid structure may still be valid, and polymerisation of such 
species would be expected to produce acidic TR molecules of higher molecular mass.
The TC have been shown to exhibit very poor stability, and appear to 
degrade/transform into TR-like material that is unresolvable with reversdphase HPLC. 
Instability could account for the low levels of TC observed in black tea, and suggests 
that they may be transient intermediates in a reaction sequence leading to polymeric
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TR. If the TC are dicarboxylic acids as hypothesised  ^then their incorporation into TR 
material could help to explain its acidity. The incorporation of TF-acids into TR-like 
material (Berkowitz et ah, 1971) may also contribute to the acidic properties of the 
TR. Indeed the increased hydrophobicity of unresolvable material, demonstrated by 
reversed phase HPLC of TR fractions (CTR and TFu), after treatment with butanolic 
Porter's reagents (chapter 3; Powell et al., 1995), could be explained by the presence 
of carboxyl groups, and their subsequent conversion to the corresponding butyl esters 
during the assay.
Another possibility for the origin of carboxyl groups in TR material emerges in view 
of the possible involvement of galloyl groups in the formation of benztropolone 
structures. De-esterification in a polymer possessing this type of structure could result 
in a polymeric TR molecule possessing a terminal TF-acid residue and therefore an 
additional carboxylic acid group.
It should also be noted that the tropolone hydroxyl group itself is acidic (Pauson, 
1955), and its occurrence in TR material would contribute to the acidic properties.
7.7 TEA FERMENTATION
Tea fermentation has been shown to be a very complex process involving chemical and 
biochemical processes (for a review see Robertson, 1991), and the production of 
numerous, oxidation products derived principally from fiavan-3-ols, of which the 
majority are pigmented. During the course of the current study, a novel group of 
oxidation products has been isolated from black tea liquor and partially characterised. 
Additionally several theories have been suggested, regarding the nature of the complex 
TR material that is unresolvable with reverse! phase HPLC. Many of the processes 
involved in tea fermentation remain to be elucidated and many of the oxidation 
products are currently uncharacterised.
One approach that may shed some light upon the processes occurring during tea 
fermentation would be to monitor tea components through the course of a 
fermentation. Samples of tea leaf could be taken at specified intervals (» 30 min) 
during the course of a standard 3 hour fermentation, and the phenolic constituents 
analysed using the quantitative HPLC method described in chapter 5. Reversolphase 
HPLC, with UV detection, could be used to monitor non-pigmented products and the
192
decline of fresh leaf polyphenols such as flavan-3-ols, gallic acid and theogallin, while 
reverseSlphase HPLC with visible detection could be used to monitor the production of 
pigmented polyphenolics such as TF, TF-acids, TC and TR. The relationships 
observed could provide some usefol information with an aim to furthering the 
understanding of the sequence of chemical and biochemical events that are occurring.
Evidence may also emerge as to whether degallation during fermentation (Coggon et 
ah, 1973) is responsible for the lower than expected yields of «-butyl gallate that have 
been obtained from TR isolates using Porter's autoxidative assay, or whether galloyl 
groups are forming non-hydrolysable linkages to the TR material as well as, or instead 
of, hydrolysable ester linkages. Quantification of gallate (gallic acid and galloyl ester) 
throughout the fermentation process should reveal how much gallate is unaccounted 
for amongst the characterised products and is therefore presumably associated with the 
TR.
Additionally, the freeze-dried liquors prepared from tea leaf at different stages of 
fermentation could be subjected to the refined Porter's assay, described in chapter 3, to 
assess the levels of proanthocyanidins through the course of fermentation. The results 
obtained during the present study indicate that proanthocyanidin material accounts for 
up to 10 % of the TFu fraction and 18 % of the CTR fraction. Such an investigation 
should provide information as to whether proanthocyanidin material is produced 
during fermentation or whether it is incorporated into the TR from pre-existing 
proanthocyanidin.
TFu extracts and/or CTR extracts could be prepared from the liquors obtained to 
assess the yield at different stages of fermentation. Such extracts could also be 
analysed using the SEC method described in chapter 2 to provide information with 
regard to the rate of formation of the constituents responsible for resolved peaks in 
these chromatograms. This may reveal possible relationships between the molecular 
weight of TR components and the length of the fermentation process.
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7.8 PROPOSALS FOR FUTURE WORK
i) Optimisation of the SEC method, described in chapter 2, and an assessment of the 
potential of SEC for isolating TR fraction of a less heterogeneous nature, at least with 
regard to molecular weight, for further study
ii) Model system studies to investigate:
a) the formation of TC.
b) the fate of galloyl ester during enzymic oxidation.
iii) An assessment of the potential of HPCE and MECC for the separation of TR 
fractions currently unresolvable with reversolphase HPLC.
iv) An investigation into the levels of polyphenols monitored through the course of 
fermentation. Infusions of leaf samples taken at different stages of fermentation could 
be made, and analysed with reverseiphase HPLC to monitor flavan-3-ols, gallic acid, 
theogallin, proanthocyanidin, TF, TF-acids, TC, TR and FG.
CTR and/or TFu fractions could be isolated from each sample and analysed vdth:
a) Porter's autoxidative assay for proanthocyanidin and galloyl esteis.
b) SEC analysis to obtain a molecular weight profile.
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Abstract: Reverse-phase HPLC of liquors prepared from a Lattakari Assam black 
tea was used to assess the contribution of black tea phenolic pigments to 'tea 
cream a precipitate which forms routinely following caifeine complexation of the 
phenols when a strong infusion of black tea cools. In this study caffeine was added 
back to tea liquor fractions and reconstituted decaffeinated whole tea liquor, and 
the extent to which the theaflavins. thearubigins and flavonol glycosides were 
removed from solution in the form o f insoluble complexes was monitored by 
HPLC. The poorly characterised thearubigins arc shown to be the principal 
( »  86% ) pigmented phenolic components of 'tea  cream’. Theaflavins 12%) 
and flavonol glycosides ( « 2 % )  were also present. Evidence is presented for 
a synergistic interaction between theaflavins and thearubigins during cream 
formation. The use o f caffeine precipitation is proposed as an aid to the 
fractionation and quantification of phenols including thearubigins in black tea 
liquors.
Key words: black tea, theaflavins, thearubigins, flavonol glycosides. HPLC. 'tea 
cream’, polyphenol-caffdne complex, caffeine-precipitation.
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Use of Porters Reagents for the Characterisation of 
Thearubigins and other Non-proanthoeyanidins.
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ABSTRACT: A previously published method for the HPLC analysis of the 
anthocyanidin pigments produced by the autoxidative depolymerization of 
proanthocyanidlns by heating in a solution of n-BuOH/HCl (95/5) and iron (HI) 
salts (Porter's reagents) has been refined. The pigments are detected by monitoring 
at 530 nm, but by monitoring the eluate also at 280 nm and 380 nm a wider 
variety of products resulting from the same autoxidation and/or 
hydrolysis/transesteiification reactions can be detected. Such products have been 
shown to include aglycones (particularly flavonols from flavonol glycosides) and 
n-butyl gallate (from galloyl esters). The advantages of monitoring the wider range 
of transformation products are illustrated by applying the method to the 
characterisation of two heterogeneous thearubigin fractions isolated from black tea 
liquor. The caffeine-precipitatable thearubigin fraction contained 181 % 
proanthocyanidlns (as procyanidin dimer equivalents), a trace (» 0-2%) flavonols 
(as aglycones), 7*4 % gadloyl ester and 0 56% elemental N (determined by 
microanalysis): caffeine was not detectable and some 74 % of the fraction remains 
uncharacterised. The theafulvin fraction contained 10*5 % proanthocyanidins (as 
procyanidin dimer equivalents), < 0*1% quercetin and 7*1 % galloyl ester, but 
neither caffeine nor elemental #  was detectable; some 82 % of the fraction remains 
uncharacterised. The proanthocyanidins of both hump fractions contained not only 
prodelphinidins and procyanicüns but also propelargonidins which have not 
previously been reported in tea.
Key Words: Porter's reagents; condensed tannins; proanthocyanidins;
propelargonidins; thearubigins; theafulvins; black tea; anthocyanidins; flavonols.
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